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bipy-sil 4,4'-dicarboxylic acid bis[(3-silatranylpropyl)amide]-2,2'-bipyridine 
bipy-Br2 4,4'-dibromo-2,2'-bipyridine 
BV Baeyer-Villiger 
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The chemical and physical properties of coordination compounds can be tuned by 
altering the oxidation state of the metal ion(s), the ligands and the counter anion. This 
is of great importance as it enables the design of complexes for specific applications 
including solar cell technology, in particular dye-sensitized solar cells (DSSC) also 
known as Grätzel cells. To this end, the aim of the research presented in this thesis 
was to investigate and synthesize metal-amine complexes with light harvesting 
properties, known as “dyes” and, if possible, incorporate them in DSSC.  
 
To date, the most common and extensively explored “dye” species have consisted 
primarily of ruthenium coordination complexes containing N-heterocyclic ligands, 
while other metal complexes with similar photochemical and photophysical properties 
to ruthenium, such as copper, have not been exploited to their full potential. 
Therefore, the overall aim of this work was to further extend the use of ruthenium and 
copper coordination compounds, by tuning their properties to improve their 
absorption of visible light, and adsorption onto semiconductor surfaces, so as to 
incorporate them into dye-sensitized solar cells.  
 
The metal-amine complexes described in this thesis were characterised using a 
number of different techniques including: 1) elemental analysis, 2) Fourier transform 
infrared spectroscopy, 3) nuclear magnetic resonance spectroscopy, 4) ultraviolet-
visible spectroscopy, 5) magnetic susceptibility, 6) fluorescence spectroscopy, and 7) 
single-crystal x-ray diffraction. Selected compounds were also evaluated for their 
efficiency in solar energy conversion in a DSSC. 
Abstract 
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To this end, several new ruthenium(II) complexes with bipyridine and bipyridine type 
coordination, including new ligands with alternative surface binding possibilities, 
were synthesized and characterised as possible dyes. Initially, ruthenium complexes 
containing either carboxylate or phosphonate linkages were used, but there are some 
limitations with this type of binding because it is not stable over the full pH range or 
to all solvents. Therefore, in this work an alternative linker has been investigated 
which is based on a silyl group. Two new complexes, [Ru(bipy-sil)2Cl2] and 
[Ru(bipy-sil)2(NCS)2], which contain this linker have been synthesised and 
characterised. Each of the ruthenium based dyes was incorporated into a DSSC, by 
adhering the dye onto a semiconducting surface of either TiO2 or WO3. The overall 
efficiency of the dye for solar energy capture was determined by measurement of the 
current and voltage.  
 
A number of new copper(I) complexes which possess some of the favourable 
photochemical and photophysical properties required for “dye” species were 
synthesised, but were found to be unsuitable for use in a DSSC. Several copper(II) 
complexes were also isolated, and while copper(II) does not have the desired 
properties to be used as a dye, two of the dimeric species were examined for their 
magnetic properties, one of which exhibited ferromagnetic behaviour and the other 
anti-ferromagnetic behaviour, and thus may find application in data-storage systems, 
magnets, magnetic recording and sensing.   
 
The ligand 1H-[1,10]-phenanthrolin-2-one (HOphen) was synthesised hydrothermally 
in the presence of Cu(II). During this study, a copper(I) complex containing the 
HOphen ligand, [Cu2(Ophen)2] was isolated as a black compound, with favourable 
light absorption properties, but unfortunately it was too insoluble for use in a DSSC. 
However, a novel dinuclear heteroleptic copper(II) complex, 
[Cu2(Ophen)2(phen)2](NO3)2.9H2O, was isolated as a by-product, the formation of 
which allowed an alternative mechanism for the formation of „covalent hydrates‟ to 
be proposed.   
 
The final copper study investigated complexes which contained the ligand di-2-
pyridyl ketone (dpk) with thiocyanate anions. Two, one-dimensional, isomeric, 
continuous polymeric chain complexes of copper(I) were synthesised, 
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[Cu(dpk)(NCS)]n, which were found to be polymorphs of one another. The two 
complexes were isolated as black crystals and exhibited favourable light absorption 
properties for solar energy capture. However, when the polymers were allowed to 
stand in the supernatant a novel dinuclear copper(II) complex, 
[Cu2(dpk.acetone)2(NCS)2], was isolated. A mechanism is proposed for the formation 
of the aforementioned complex, whereby a transition-metal-promoted aldol 
condensation reaction has occurred. On the basis of the formation of the novel 
dinuclear copper(II) complex an investigation into alternative ketones led to the 
isolation of five further complexes, three of which contained the ligand, picolinic acid 
(pic) which is believed to have formed from dpk through a novel Baeyer-Villiger 
rearrangement.  
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1.1. General Comments  
 
The chemical and physical properties of coordination compounds can be manipulated 
by using different oxidation states of metal ion(s), altering the ligands and changing 
the counter anion. This is of great importance as it enables the design of complexes 
for specific applications including catalysis,
[1]
 sensing,
[1]
 solar cell technology,
[1-24]
 
optical
[25-28]
 and magnetic properties.
[29-32]
  
 
Bidentate N-heterocyclic ligands such as 2,2'-bipyridine, 1,10-phenanthroline, di-2-
pyridyl ketone, and 2,9-dimethyl-1,10-phenanthroline (neocuproine) and their 
derivatives are important building blocks for the preparation of coordination 
compounds and metallo-supramolecular assemblies.
[33]
    
 
1.2. Solar energy capture by complexes 
 
World energy needs are constantly increasing and fossil fuels are rapidly declining, 
hence alternative renewable sources of energy need to be utilized. In particular, the 
capture and use of solar energy. 
CHAPTER 1  
Introduction 
Metal Complexes and Solar Energy 
Capture  
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Photo-voltaic solar cells are able to convert light into electricity. First generation solar 
cells, also known as the silicon based solar cell, operate on the basis of a p-n junction 
type semi-conducting system. They usually consist of crystalline or amorphous silicon 
which are doped with inorganic solid-state materials. In conventional solar cells the 
semiconductor performs the task of light absorption and charge carrier.
[34-35]
  
 
In 1991,  O‟Regan and Grätzel introduced a revolutionary solar cell, the so-called 
“Grätzel cell”, now also known as dye-sensitized solar cells (DSSC) (Figure 1-1).[18] 
Such cells are attractive because of their relatively low cost and ease of production. 
Ruthenium coordination complexes which contain N-heterocyclic ligands have been 
explored extensively as dye species, and, to a lesser extent, compounds of copper 
have been considered.         
 
 
Figure 1-1 Schematic of a DSSC:  (1) The dye molecule(s) becomes excited upon 
irradiation (S
*
); (2) An electron from the photo-excited dye molecule is injected into 
the conduction band of the semiconductor to give S
+
; (3), (4) and (6) the dye is then 
restored to its original form (S) regaining e
-
 through the electrolyte; (5) The 
electrolyte is regenerated at the counter electrode, with the circuit being completed 
through the external load; (7) The dye is reduced and a voltage generated. Overall -the 
generation of electrical power with no chemical consumption.
[13]
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The DSSC works on the principle of a dye molecule absorbing radiation and 
effectively “sensitizing” a semiconductor in a similar fashion to the accessory 
pigments in photosynthesis. In this case an electron from an electronically excited dye 
molecule is injected into the conduction band of a wide-band gap semiconductor,
[36-37]
 
as indicated in Equation 1-1:  
 
Equation 1-1 
 
)(* torsemiconductoeDyeDyeDye hv    
 
The Dye
+
 cation is recycled via a redox reaction in the electrolyte, such as the one 
presented in Equation 1-2: 
 
Equation 1-2 
 




3
2
–
3
232
3222
IDyeIDye
IDyeIDye
 
 
For a dye to be effective it must have a ground state which has a lower energy than 
the conduction band of the semiconductor and an excited state which is higher.
[20]
 
This arrangement allows for injection of electrons into the conduction band to occur 
through the dye rather than through the semiconductor.  
 
In many cases, a ruthenium polypyridine complex has been used as the dye, which 
absorbs a photon and allows an electron to be injected into the conduction band of a 
semiconductor, such as TiO2. The circuit is completed by the regeneration of the dye 
molecule by a redox reaction with an electrolyte such as iodide (Equation 1-2).
[13-14, 18]
 
See Table 1-1 for a summary of the overall process.  
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Table 1-1 Process steps and system requirements of a metal-ion based DSSC
[38]
 
 
Process Steps System Requirements 
1) Absorption of solar energy by 
metal ion based redox system, e.g. 
Ru
2+ 
and Cu
+ 
 
 Maximum absorption of incident 
solar energy (large ε for broad 
range of λ‟s) 
  highly soluble complex 
2) Release of e- to TiO2 system 
bonded to FTO (FTO – Fluorine-
doped Tin Oxide)           
   
                                e
-
 
          (O + e
-
  O-  O2-) 
 
 Reversible and robust (M(n+1)+/n+) 
photo-redox system 
 Appropriate redox potential of 
metal-ion system to allow donation 
of e
-
 to TiO2 system 
 Rapid e- transfer kinetics from 
reduced metal centre (e.g. Ru
2+
 or 
Cu
+
) centre to electrode material 
(TiO2) 
3) Regeneration of metal-ion redox 
system by removal of e
-
 from –3I  
 
 Rapid e- transfer from –3I  to 
oxidized metal centre (e.g. Ru
3+
 or 
Cu
2+ 
) 
 Appropriate redox potential of 
metal-ion system for acceptance of 
e
-
 by oxidized form of metal  (e.g. 
Ru
3+
 or Cu
2+ 
) from I3
–
 system 
 
One of the major differences between the silicon photovoltaic cell and the DSSC is 
that in silicon cells the charge separation occurs by an electric field within a solid p- 
and n-doped semiconductor material, whereas in DSSC‟s the charge separation occurs 
by kinetic competition, similar to the electron transfer processes in photosynthesis.  
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DSSC‟s have numerous advantages over silicon cells which include:[13] 
 Lower cost (lower energy payback time) and ease of production. 
 Performance increase with temperature narrowing the efficiency gap. 
 Bifacial configuration – advantage for diffuse light and albedo. The albedo 
refers to the extent to which an object can diffusely reflect light from the sun. 
  Transparency for power. 
 The range of wavelengths absorbed (colour) can be varied. 
 They can outperform amorphous Si. 
 
The major disadvantages of DSSC‟s relative to silicon cells are: 
 They have a much lower incident monochromatic photon-to-current 
conversion efficiency (IPCE).  
 Lower stability.  
 Lower scalability.  
 
The main components of the DSSC are the dye, the semiconductor and the electrolyte; 
changing one, two or all three, can potentially increase the efficiency.  The total 
efficiency depends on the current, voltage and “fill factor”, as shown in  
Equation 1-3.
[2]
 
Equation 1-3 Power conversion efficiency
[2]
 
s
ocph
global
I
ffVi
  
global  = Overall conversion efficiency 
phi = Photocurrent density  
ocV = Voltage measured at short circuit  
ff = The “fill factor” is the ratio of the maximum power output of the cell to the 
         potential power output of the cell.  
sI  = Intensity of the incident light  
 
The power output  of the cell (p (J/s) =watt) is the product of the current and 
voltage )/()/()/( coulombJVscoulombisJp  . 
This equation will be utilized in Chapter 5. 
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1.2.1. Coordination Compounds “Dyes” in DSSCs 
 
Coordination compounds that have the ability to absorb sunlight can initiate redox 
reactions from their excited states, and the electron transfer that ensues can 
subsequently generate electrical power, thus they are commonly used as “dyes”.[15]  
 
To date, d
6
metals have been found to form the most efficient coordination compounds 
for solar energy harvesting. Ruthenium in the +2 oxidation state is a d
6
 system
[1]
 and 
is an excellent candidate due to its luminescent behaviour and appropriate Ru
3+/2+
 
redox potential when coordinated to polypyridyl ligands. 
  
Ruthenium polypyridine complexes, in particular Ru(bipy)3
2+
 have been studied 
extensively over the past twenty years, mainly because of their  ease of production, 
chemical stability, redox properties, excited state reactivity, luminescence 
(phosphorescence and fluorescence) and long excited state lifetime.
[39-40]
 All of these 
factors are important when selecting a dye molecule.  
 
Figure 1-2 is a schematic MO diagram for an octahedral transition metal coordination 
compound containing π-bonding (π-acceptor) ligands.[41]  
 
The first step in the photochemical reaction is the absorption of a photon. Light 
absorption can promote electron transfer from the metal d orbitals (ζb) to the ligand π* 
orbitals, this process is known as metal-to-ligand charge transfer (MLCT).
[38]
 The π* 
acceptor and π donor orbitals are delocalised over the aromatic rings on the 
polypyridine ligand, whilst the ζ donor orbitals are localised around the nitrogen 
atom.
[1]
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Figure 1-2 Molecular Orbital diagram of d
6
 metal 
[2]
 
 
There are three possible ways in which the electrons of a ruthenium polypyridine 
complex can become excited (Figures 1-2 and 1-3), they include:  
 
1) Metal Centred excitation (MC) is the promotion of an electron from the t2g 
orbital to the eg orbital, (π to ζ* orbitals)     
2) Ligand Centred excitation (LC) which occurs when absorption across a C=C 
double bond is able to excite a π electron into an antibonding  π* orbital.  
3) Metal-to-Ligand or Ligand-to-Metal Charge Transfer (MLCT or LMCT) 
which is the transfer of an electron from a metal d orbital to an empty ligand 
orbital, or electron transfer from a ligand orbital into a metal d orbital. 
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Figure 1-3 MO diagram  for Ru(L)3 complex (d
6
) with octahedral symmetry and  
MLCT Transitions in D3 symmetry
[39, 42]
  
 
These processes give rise to an unstable excited state molecule which can deactivate 
via several modes. These include:  
 
1) A photochemical reaction, 
2) Luminescence,  
3) Radiationless deactivation (when this occurs between the same spin states it is 
known as internal conversion, however when this occurs between different 
spin states, that is singlet to triplet, it is known as intersystem crossing),
[39]
 
and  
4) A quenching process.    
 
Electron excitation in the ground state can lead to electron transfer in the excited state 
as indicated schematically in Equation 1-4:  
 
Equation 1-4
[15, 39]
 
AhA *          Photo-excitation 
–* BABA     Electron transfer 
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1.2.1.1. Selection of a dye 
 
There are several major points which should be considered when selecting a dye for 
DSSCs, these include: 
 
1) Binding of the sensitized dye to the semiconductor oxide surface, to facilitate 
subsequent injection of electrons into the conduction band. 
2) Relative energies of dye (donor) and semiconductor (acceptor) orbitals. 
3) Regeneration of dye sensitizer. 
4) The extinction coefficient of the dye should be high and absorbance should 
occur across the whole visible spectrum. 
5) The dye needs to be stable for a minimum 108 redox turnovers. 
Which are discussed in detail below: 
 
1) Binding of the dye sensitizer to the semiconductor oxide surface, with 
subsequent injection of electrons into the conduction band: 
 
The dye must adhere to the semiconductor surface through linkages on the dye 
molecule. Without this, the dye would not be able to inject electrons into the 
conduction band of the semiconductor efficiently, hence the current and the voltage 
produced would be low. The current is dependent on the coating of the dye on the 
semiconductor surface, and the voltage is dependent on the redox potential of the 
electrolyte and the Fermi level of the semiconductor.
[2]
 There are numerous ways in 
which transition metal complexes can be functionalised onto a metal oxide surface, 
these include:
[28]
   
 
 covalent linkage, which is a direct link between the complex and the metal 
oxide. 
 electrostatic interactions. 
 hydrogen bonding. 
 hydrophobic interactions. 
 van der Waals forces. 
 physical entrapment. 
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Currently, the most widely used covalent linker is a carboxylic acid functionality as it 
is the cheapest and easiest to synthesise. There are numerous possibilities for the 
binding of a carboxylic acid to a semiconductor (metal oxide), as illustrated in Figure 
1-4.  
 
O O
M
O O
M
O O
M M
O O
M M
H
O O
H
O
M
O O
H
O
M
H
O
O O O OH
M
monodentate
ester-type
bidentate
chelating
bidentate
bridging
bidentate
bridging
H-bonded H-bonded carboxylate
monodentate
through CO
M
n+
 
 
Figure 1-4 Possible modes of binding of the carboxylic acid functionality to metal 
oxide surfaces.
[43-44]
 
 
The most commonly used method for the adsorption of the dye onto the 
semiconductor is by immersion of the semiconductor substrate into a solution of the 
dye. The substrate is left in the solution for 24 hours in the dark.  Subsequently it is 
washed with ethanol and air dried, before being assembled into a DSSC.   
 
The most efficient linkers will be those that form a covalent bond between the dye and 
semiconductor as this allows for direct electron transfer. Apart from carboxylate, 
other common linkers include silyl (–O–Si–), amide (–NH–(C=O) –), sulphide (–S–) 
and phosphonato (–O– (HPO2)) which are all capable of forming stable linkages.
[4, 45-
46]
 The silyl, carboxylic acid or phosphonic acid groups are all able to react with the 
surface via hydroxyl groups on the oxide,
[28, 44]
 for example:  
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M OH + HO P
O
OH
R O P
O
OH
RM + H2O
 
 
However, common carboxylate and phosphonate linkages are not stable in all 
solvents, with desorption from the semiconductor surface occurring in aqueous 
solution at pH > ~4 and pH > ~7 respectively, and in organic solvents this linkage is 
even weaker.
[17, 47-48]
 Silanes on the other hand are stable in a wider range of solvents, 
including organic solvents, and over a wider range of pH conditions. 
 
Electrons can be injected into the conduction band of the semiconductor once the dye 
is excited. According to Marcus Theory the rate of electron transfer depends on:
[49-50]
  
 
a) the physical distance between the acceptor and the donor; the shorter the 
distance, the greater the efficiency of electron transfer. Hence, it is crucial to 
ensure that the metal centre is close spatially to the semiconductor surface to 
improve the efficiency of electron transfer.    
b) a decrease in ΔG - If the reaction becomes exergonic, it releases energy 
spontaneously, this is observed when the Gibbs free energy is negative. This 
will lead to an increased efficiency of electron transfer. 
c) the reorganization energy – the energy required to reorganise the system 
geometry. There needs to be minimal reorganisation from initial to final 
atomic coordinates when changing the electronic state in the overall redox 
cycle.  
 
At present, carboxylate linkages are by far the most common,
[43]
 with the current 
commercial dyes, in particular the N3 and N719 dyes (Figure 1-5), incorporating this 
linkage. The dye sensitizers N3 and N719 both contain the same Ru(II) complex, the 
difference simply being the accompanying cation, with N3 effectively having H
+
 (on 
the carboxylate groups) and N719 having its anionic charge counter-balanced by the 
tetrabutylammonium cation. The cation in N719 is used to preserve the deprotonated 
form of the carboxylic acid so as to enhance surface binding.
[38, 51]
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Figure 1-5  N3 and N719 Commercial Dyes
[38]
 
 
2) Relative energies of dye (donor) and semiconductor (acceptor) orbitals: 
 
The injection of electrons occurs because the excited state of the dye is higher in 
energy than the conduction band edge of the semiconductor.
[2, 6]
 The energy gap 
between the t2g and eg orbitals of coordinated metal ions falls within the visible, 
ultraviolet and near infrared regions of the electromagnetic spectrum.
[52]
 Strong field 
ligands (strong π-acceptor ligands) that is, those to the right hand side of the 
Spectrochemical series, (Figure 1-6) result in a large gap between the t2g and eg. 
Hence, these ligands are the more desirable when designing complexes to be used as 
dyes.
[53]
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ligandsdonor                                                                      ligandsdonor  
I
– 
< Br
–
 < SCN
–
 < Cl
–
 < S
2–
 < NO3
–
 < F
–
 < OH
–
 < C2O4
2–
 < H2O 
 
< NCS
–
 < py ≈ NH3 < en < bipy ≈ NO2
–
 ≈ phen < PR3 < CN
–
 < CO 
ligandsacceptorweak                                           ligandsacceptorstrong  
 
Figure 1-6 The Spectrochemical series
[52]
 
The Ru(III)/Ru(II) reduction potential for a tris-bipyridine system [Ru(bipy)3]
2+
 is 
+1.25V-+1.30V vs. NHE (Normal Hydrogen Electrode).
[2, 39]
 This potential can be 
increased or decreased by tuning the metal centre with appropriate ligands. For 
example, the oxidation potential of the bis-bipy ruthenium system with two Cl
–
 ions, 
[Ru(bipy)2Cl2], is lowered to approximately +0.35V vs. NHE, whereas the 
incorporation of two CO groups has the reverse effect, and an increase of the 
reduction potential to +1.9V vs. NHE is observed (Figure 1-7).
[39]
  
 
The commercial N3 dye contains two N-bound thiocyanate ligands, the purpose of 
which is to tune the metal t2g orbitals and to stabilise the positive hole that is 
generated after electron injection.
[54]
 The thiocyanate groups are thought to be the 
least chemically-stable component on the current dye. However, dye molecules that 
do not contain the thiocyanate ligand have much lower electron transfer 
efficiencies.
[55]
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Figure 1-7 Band gap positions of semiconductors in contact with an aqueous 
electrolyte at pH 1.
[6, 8]
 
 
3) Regeneration of the dye sensitizer 
 
The regeneration of the dye is a crucial step in the operation of the solar cell, as this 
can determine the efficiency of the dye. Therefore the dye must undergo a facile, 
reversible redox process. When the Ru
2+
 dye injects an electron into the 
semiconductor it becomes oxidised to Ru
3+
, and to complete the cycle the Ru
2+
 form 
needs to be regenerated. This is commonly achieved through a reducing agent in the 
cell electrolyte. Regeneration of the dye through a separate redox-couple prevents the 
electron donated to the conduction band being recaptured by the oxidised dye.
[7]
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When selecting an appropriate redox couple/reducing agent, several criteria must be 
met, which include:
[2]
  
 
a) it must be soluble in a variety of organic solvents. 
b) both the reduced and oxidised form must be stable. 
c) it should be able to undergo a minimum of 108 turnovers.  
d) it should be as optically transparent as possible, hence the molar extinction 
coefficient must be very low. 
 
Redox active electrolytes are generally used as the reducing agents and have been 
successfully incorporated into DSSCs. There are three major types of electrolyte 
system; these include liquid (organic and ionic), quasi-solid state and solid 
electrolytes.
[13]
 The most commonly used redox couple is a liquid electrolyte 
containing the triiodide/iodide couple (I3
–
/ I
–
) E° = +0.54V (SHE).
[2, 7, 13, 38]
 The iodide 
ion is a very effective reducing agent, and its incorporation into  DSSCs has given the 
highest efficiency observed of approximately 10%.
[38]
 
 
––
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1
–––
3 32
IeI
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Like the dye, the iodide must also be regenerated. This occurs through the reduction 
of the triiodide ion at the counter-electrode (See Figure 1-8).
[7]
 There is also the 
possibility that the iodide may become activated through interactions between the 
coordinated bipy ligand of the dye and the iodide.
[56]
 
                                                                                    
 
Chapter 1: Introduction 
~ 16 ~ 
 
a)  
ox
red
ox
red
Ru
2+
Ru
3+
SC
e
–
external 
circuit
counter 
electrode
e
–
1
/2 I3
– 3
/2 I
–
hv e
–
 
b)  
)(
)(
22
1
22
32–
3
3
–32
II
IRuIRu
eRuRu
bandconductiontorsemiconducSC
hv








 
 
Figure 1-8 Regeneration of dye sensitizer - a) schematic of redox cycle, and b) 
essential chemical redox reaction. 
 
4) The extinction coefficient of the dye should be high, and absorbance should 
occur across the whole visible spectrum.  
 
The dye should be able to collect the maximum amount of photonic energy from the 
radiation available at the Earth‟s surface; the likelihood of this can be increased if the 
dye is able to absorb all wavelengths in the visible spectrum, but ideally all 
wavelengths under 920nm (see Figure 1-9 for the ideal spectrum of a dye molecule). 
In addition to this, the molar extinction coefficient, which is directly related to the 
ability of the dye solution to absorb light, should be high.
[5, 9, 21]
 This can be achieved 
by altering the energy levels of the metal complex. There are two ways in which the 
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energy levels of MLCT transitions can be altered. The first includes the introduction 
of a ligand which contains a low lying π* orbital. This allows for MLCT to reach 
higher wavelengths on the electromagnetic spectrum, hence the dπ  π* bands shift 
into the red region. The π* orbital can be lowered by introducing electron-withdrawing 
groups on the ligand; this may involve altering the substituents on the ligand. The 
second includes the introduction of a strong electron donor ligand, which destabilises 
the t2g metal orbitals.
[21, 57]
  
 
 
 
Figure 1-9 Spectral response curve of N3 and black dye.
[5]
 
 
As mentioned earlier, the most efficient dye sensitizer to-date is the N3 dye. A 
comparison of the N3 dye, [Ru(dcbipy)2(NCS)2], with the tris-complex 
[Ru(dcbipy)3]
2+
, shows that the absorption in the red region is higher in the former, 
although the reduction potential of the (Ru(III)/Ru(II)) couple is sacrificed.
[38]
 
Another quite successful Ru(II)-based sensitizer incorporates a tridentate terpyridine, 
rather than a bipyridine. The “black dye”, as it is known, consists of one 4 ,4',4''-
tricarboxylic acid-2,2':6',2''-terpyridine molecule and three thiocyanate anions (Figure 
1-10). The absorption spectrum of the black dye is compared with that of N3 in 
Figure 1-9, where it can be seen that the black dye has a high absorbance across the 
entire visible spectrum,
[16]
 but its extinction coefficient was found to be lower, leading 
to a less-efficient DSSC.
[38]
 This arises because absorbance (A) is given by the 
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product lc  (ε = molar extinction coefficient of the molecule, c = concentration, 
l = path length) and on a mol for mol basis, a greater absorbance is associated with a 
larger  . 
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Figure 1-10 Black dye 
 
 
5) The dye needs to be stable for a minimum of 108 redox turnovers   
 
For the DSSC to be economically viable, the sensitizer must be chemically robust. It 
has been estimated that if the dye material is stable to 10
8
 redox turnovers it can then 
be considered as a possible candidate for a commercial DSSC.  
 
1.2.1.2. Alternative Metals for Dye Formulation 
 
While ruthenium dyes have been investigated extensively, other transition metals have 
not been explored to the same extent. Iron(II) and osmium(II), which are similar to 
ruthenium(II) in being d
6
 metals, have been investigated briefly.
[1, 10, 24, 58-62]
 There are 
several advantages in using osmium polypyridine complexes compared to ruthenium 
analogues, in that the ligand field splitting is substantially greater, and as a result, the 
photostability of osmium is greater.
[2]
 However, there are still very few osmium 
polypyridine complexes being incorporated in DSSCs, because despite the advantages 
of osmium, there are also many limitations. A key issue is that the regeneration of the 
osmium redox couple (Os(III)/Os(II)), using an iodide electrolyte, is not as efficient as 
ruthenium, therefore alternative electrolytes would need to be explored.
[63]
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The potential of transition metals other than d
6
 metals is also of great interest, in 
particular d
10
 metals. Both copper(I) d
10
 and ruthenium (II) d
6
 offer similar 
photophysical properties that can be used for solar energy conversion, see Figure 
1-11. One attractive advantage of copper is cost. In 2011 the cost of ruthenium was 
approximately 6,500 USD per kilogram whilst copper was only 6.60 USD per 
kilogram, the prices for both have doubled since 2009.
[64]
 In addition to this, copper is 
far more abundant in the earth‟s crust at 68,000 ppb by weight compared to ruthenium 
which is rare, at only 1 ppb.
[20]
  
 
Therefore, copper(I) polypyridine complexes have been investigated recently as 
alternative dyes.
[22, 27, 40, 65-68]
 Most first-row transition metal complexes tend to have 
short-lived MLCT excited states and so are not suited to DSSC use. However, 
copper(I) differs from the other first-row transition metal ions in that the d shell is full 
(Cu(I) = d
10
), subsequently preventing non-radiative decay. Hence, the MLCT excited 
states persist for a substantially longer time, although because of the full d shell, Cu(I) 
cannot undergo MC electronic transitions (Figures 1-11 and 1-12).
[22, 27]
 Therefore, 
there are only two possible ways in which electrons of a copper polypyridine complex 
can become excited, that is MLCT and LC, whilst in ruthenium polypyridine 
complexes there are three. The photophysical properties of copper(II) complexes, with 
a d
9
 electronic configuration, are characterised by ultra-short life-times which can be 
difficult to detect. This generally means Cu(II) species would be unsuitable as dye 
sensitizers. The photophysical properties of Cu(II) complexes arise through d-d metal-
centred transitions, which do not occur in the +1 oxidation state because of the full d 
orbital manifold.
[27]
  
 
A key feature of copper(I) is that fewer coordination sites to the metal centre are 
available, when compared to ruthenium(II) (typically four versus six coordination). 
This „simpler‟ structure allows for structural distortion in both ground and excited 
states, which in turn allows the fine tuning of photophysical and electrochemical 
properties.
[27, 40]
 The selection of the ligand is also important since the nature, size and 
position of substituents can have drastic effects on the absorption properties, as well 
as on the ground state geometry, which can range from nearly tetrahedral (D2d 
symmetry) to flattened tetrahedral (D2 symmetry).
[27, 40]
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Figure 1-11 MO diagrams comparing d
6
 to d
10
 metal complexes 
 
 
Figure 1-12 MO diagram of d
10
 metal 
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Possibly as a consequence of their more “open” structure, copper(I) complexes are 
highly susceptible to aerial oxidation, transforming to copper(II) complexes in the 
process. For example, the oxidation of Cu(phen)2
+
 would result in a small energy gap, 
and hence a short-lived excited state which would render it a less useful complex from 
a photophysical point of view.
[69]
 However, there are several ways in which this type 
of oxidation can be prevented. Incorporation of bulky protecting groups in the 6 and 6' 
positions of the bipyridine ligand, or the 2 and 9 positions of phenanthroline, can 
prevent geometric changes (prevent expansion of the coordination sphere), hence the 
copper can be stabilised in the  +1 oxidation state.
[22]
 Methyl substituents in the 2 and 
9 positions of phen (neocuproine (neo) = 2,9-dimethyl-1,10-phenanthroline (dmp)) are 
considered to be the best option as they are not too bulky, but still provide protection 
to the metal from aerial oxidation. The bulky substituents also limit the access of 
oxygen to the Cu(I) centre and so protect the metal from oxidation. 
 
McMillin et al. 
[70-71]
 were successful in isolating copper(I) complexes which were 
similar to the conventional ruthenium complexes. In particular, McMillin found that 
Cu(dmp)2
+
 in DCM solution was photoluminescent at room temperature.
[72]
 The 
luminescence was found to arise from two MLCT excited states, hence the singlet 
1
MLCT and the triplet 
3
MLCT. However, the observation of particular interest is that 
the majority of the luminescence at room temperature can be attributed to the triplet 
state, but it is the luminescence observed in the singlet state which is responsible for 
the emission observed.
[72]
 Upon excitation of the copper(I) centre the lowest state 
(
3
MLCT) is populated and the metal centre changes its oxidation state from +1 to 
+2.
[40]
 Copper(I) complexes with 2, 9– disubstituted forms of phenanthroline 
(dimethyl (dmp), di-tert-butyl (dbp), di-sec-butyl (dsbp), diphenyl (dpp), and di-(2-
methylphenyl)(dop)) have displayed MLCT transitions as well as weak luminescence, 
and ligands of this type can enhance the emission quantum yield (See Figure 1-13).
[73-
74]
 This is quite beneficial, as low quantum yield efficiency has been a major issue 
regarding Cu(I) complexes.
[71, 75]
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Figure 1-13 Key electrochemical, synthetic and photophyscial properties properties 
of Ru(II) and Cu(I)
[22]
  
 
Other mononuclear copper(I) complexes, which do not require protecting groups, 
incorporate the π-acceptor ligands, phosphanes (PR3).
[73, 76-82]
 In the Spectrochemical 
series (Figure 1-6), phosphane groups are situated to the right hand side, hence they 
are able to create the desired large band-gap between the t2g and eg orbitals. This is 
advantageous, and copper(I) complexes which contain phosphane ligands can also 
possess photoluminescent properties.
[81-83]
  
 
The reversible (Ru
3+
/Ru
2+
) redox potential in ruthenium complexes is a critical factor 
in selecting appropriate dye molecules, as this enables the system to be regenerated by 
the judicious choice of an appropriate electrolyte. Similarly, copper complexes with 
bipyridine coordination can also have reversible redox properties (Cu
2+
/Cu
+
) in an 
accessible voltage range, with a reduction potential of +0.69 V vs. NHE for a bis-
phenanthroline system [Cu(dpp)]
+
 (Figure 1-14).
[84]
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Figure 1-14 Comparison between the photophysical and electrochemical properties of 
[Cu(dpp)2]
+
 and [Ru(bipy)3]
2+
. (where Φ = quantum yield efficiency, E°° = excited 
state electrochemical potential, 
* 
= lowest lying electronically excited state, and
 ** 
=
  
spin-allowed electronically excited state populated by excitation
 
)
[40]
  
 
Like mononuclear copper (I) complexes, dinuclear and polynuclear complexes can 
also possess the desired photochemical and photophysical properties required for dye 
purposes.
[83, 85-87]
  Moreover, with such polymetallic species it is often not necessary 
to have the protecting groups required in mononuclear complexes.
[69, 74, 87]
 
 
However, despite the advantages of copper in cost and abundance; reports of copper 
dyes in DSSC applications are quite limited.
[3, 20, 22, 65-66, 88-91]
 Recently, Bessho et al. 
investigated several copper(I) complexes [Cu(L)2][PF6] (where L = 6,6'-dimethyl-4,4'-
dicarboxylic acid- 2,2'-bipyridine or 6,6'-dimethyl-4,4'-dibut-2-enoic acid- 2,2'-
bipyridine)  for use in DSSCs. These complexes contained bipyridine ligands with 
                                                                                    
 
Chapter 1: Introduction 
~ 24 ~ 
methyl protecting groups in the 6- and 6'- positions and carboxylic acid anchoring 
groups in the 4- and 4'- positions, see Figure 1-15.
[65]
 The voltage, current and 
efficiency of these DSSCs were compared to the commercially available N719 dye 
(Figure 1-5). However, the carboxylic analogues of the dyes were found to be four 
times lower in efficiency and current, and the voltage was ~30% lower. Although 
these efficiencies are lower, when the price of ruthenium is compared to copper the 
drop is not that significant, and therefore copper is still considered a viable alternative 
with potential for improvement.  
 
N N
CO2HHO2C
N N
CO2HHO2C
 
 
Figure 1-15 Substituted bipyridine ligands coordinated to copper
[65]
  
 
1.2.2. Semiconductor substrate material 
 
To utilise the photo-chemical and photo-physical properties of ruthenium or copper 
complexes as dye sensitizers, the dyes must be attached to a semiconducting surface, 
as described earlier in this chapter. Therefore another critical component of the DSSC 
is the semiconducting substrate. In order to be considered as possible candidates for 
solar harvesting, semiconducting surfaces must be sufficiently stable, such that they 
do not undergo decomposition under illumination.
[37, 92-93]
 There are several metal 
oxide films which are suitable for this application, these include TiO2, SnO2, SrTiO3, 
and WO3,
[37, 94]
 together with other oxide, sulphide or selenide substrates such as: 
ZnO, V2O5, Ag2O, ZnS, CdS, PbS, Cu2S, MoS2 and CdSe. Other materials such as 
Cd3P2 and HgI2 may also be used as semiconducting surfaces.
[8]
 The band positions of 
some of these semiconductors in contact with an aqueous electrolyte solution at pH 1 
are shown in Figure 1-7.
[6, 8]
 In particular, TiO2, ZnO and WO3 exhibit exceptional 
photoelectrochemical properties. They are also highly porous, making them excellent 
candidates for modification with redox couples and sensitizers.
[95]
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A semiconductor with a conduction band gap greater than 1.7eV is referred to as a 
wide band-gap semiconductor, and those of the order of 3eV have been found to be 
the most effective for DSSC (Figure 1-7). In this case, the electron-hole pairs can only 
be produced by short wavelength light in the UV range, <400nm.
[1, 92]
 Sunlight has 
very little light in this range and so cannot be utilised at these short wavelengths. As 
described earlier in this chapter, to allow for a wider range of wavelengths, in 
particular those in the visible and near-infrared ranges, to be absorbed, sensitization of 
the semiconductor needs to occur. Sensitization can be achieved by allowing an 
electron to be injected into the conduction band or a hole created in the valence band 
by an additional redox active species (e.g. the metal dyes).
[1, 96]
 
 
To date, TiO2 has been the most widely used semiconducting surface for DSSCs, due 
to its high abundance, relatively low cost, non-toxicity, ease of production and 
chemical inertness.
[2, 18, 97]
 The anatase form of TiO2 is a wide band-gap (3.2eV) 
indirect semiconductor.
[97]
 Thus, the TiO2 semiconducting surface only absorbs 
photons in the ultraviolet region, which only represents a small fraction of the solar 
energy reaching the earth.  Sensitization of the surface extends the useful wavelengths 
into the visible wavelength region. Dye molecules which are panchromatic, that is 
they are able to absorb visible light of all colours,
[2]
 and have an appropriate redox 
potential, are commonly used as sensitizers, as described in previous sections of this 
chapter. 
 
To conduct electrons, the semiconductor film must be n-doped, although there is the 
possibility that quenching of the sensitizer can occur through energy transfer from the 
presence of conduction band electrons.
[7]
 This can be improved through the use of  
nanocrystalline oxide films with particle sizes less than 1000 nm, and a porous 
structure, both of which increase surface activity quite significantly.
[97]
 
 
More recently, interest has been shown in WO3 as a substrate, since it is an intrinsic 
semiconductor and is able to absorb some visible light directly. Therefore higher 
currents may be observed. However, WO3 does have a more acidic surface and an 
increased positive conduction band edge position in comparison to TiO2 and ZnO.
[98]
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The energy of the conduction band of the semiconductor substrate is a key factor, and 
must be higher than the required redox level in order for reduction of the dye by the 
electrolyte.
[8]
 It has been found that approximately 60% of the electrons are injected 
from the singlet state, and 40% from the triplet state of the ruthenium dye.
[99]
 
 
The semiconducting substrates which will be investigated in this thesis include TiO2 
and, where possible, WO3. The TiO2 substrates were purchased from Dyesol, whereas 
the WO3 samples were prepared by the School of Electrical and Computer 
Engineering at RMIT University.
[98]
 
 
1.3. Concepts and work in this thesis 
 
The overall aim of the work described in this thesis was to further extend the use of 
ruthenium and copper coordination compounds in dye-sensitized solar cells. To this 
end, a number of intermediate goals needed to be achieved:  
 
 Synthesize several ruthenium dye materials 
 Explore alternative dye materials, especially those based on the replacement of 
ruthenium by copper. 
 Investigate the use of various ligands based on pyridyl functionalities 
 Characterise the complexes synthesised through various analytical and 
spectroscopic  techniques 
 Test the efficiency of the dye materials within solar cells  
 Explore any  anomalies observed  
 
Metal complexes of either ruthenium(II) or copper(I) with the N-heterocyclic ligands  
2,2'-bipyridine, 1,10-phenanthroline, di-2-pyridyl ketone and their derivatives will be 
investigated in this thesis. The coordination chemistry of the amine ligands has been 
studied extensively and reviewed.
[1, 27, 42]
 Throughout this thesis the ligands will be 
abbreviated to bipy, phen, and dpk, and their derivatives appropriately labelled. The 
bonding in a coordination complex is formed by an electron pair from the ligand 
being donated to an empty orbital on the transition metal (ruthenium or copper),
[52]
 to 
form a donor-covalent, or coordinate bond, represented as L:Mn+. 
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Syntheses of the metal complexes are described in more detail in Chapter 2. Attempts 
were made to “tune” the complexes to improve their absorption of visible light and 
adsorption onto the semiconductor surface. The ruthenium complexes were modified 
by replacing bipy groups with chloro- or thiocyanato- groups. Exploration of various 
functional groups for adsorption purposes were also investigated, in particular 
carboxyl-, phosphonate- and silyl- linkages. The carboxyl-analogue can be purchased 
through Dyesol, however the phosphonate- and silyl- analogues required synthesis.     
 
As mentioned throughout this chapter, copper is a viable alternative to ruthenium, 
therefore an investigation of various copper(I) complexes will be explored for use as 
potential dyes. However, the chemistry of copper(I) compared to ruthenium(II) is 
quite different, therefore the ligands which were suitable for ruthenium cannot 
necessarily be directly coordinated to copper(I). One of the main reasons is that 
copper(I) complexes readily oxidise to copper(II), but this can be avoided if the 
copper centre is protected. Hence, an investigation into copper(I) complexes which 
are redox stable and exhibit photochemical and photophysical properties will be 
explored and will be followed by an investigation of copper(I) complexes coordinated 
to phen or dpk functionalised with a variety of different anchoring groups.  
 
The overall aim of the work described in this thesis was to isolate and characterise a 
range of complexes which exhibit appropriate photochemical properties for use in 
DSSCs. In particular, ruthenium and copper coordination complexes, with bipyridine 
or bipyridine derivatives. As part of this study, copper(I) and (II) 1H-[1,10]-
phenanthrolin-2-one complexes are reported in Chapter Three. The reaction of 
copper(I) salts with di-2-pyridyl ketone in various ketone solvent systems are 
described in Chapter Four. Chapter Five deals with ruthenium(II) complexes with a 
range of anchoring groups, which have been incorporated into DSSC solar cells. 
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2.1. Materials 
 
Unless otherwise stated, all chemicals used in the synthetic procedures were of at least 
analytical reagent grade and used without further purification. The following chemical 
reagents were obtained from the supplier as indicated:  
 
2.1.1. Common Solvents  
 
All solvents marked 
α 
were collected under argon from a solvent drying system 
operating with a J-Kem scientific pressure pump and a Dry Fast vacuum pump. 
 
Acetaldehyde (CH3CHO) Chem Supply 
Acetone (CH3COCH3) Merck Chemicals 
Acetophenone (CH3COC6H5) BDH Chemicals 
Benzene (C6H6) Aldrich Chemicals 
Chlorobenzene (C6H5Cl) Ajax Chemicals – Chlorobenzene was dried over CaCl2 and 
collected in a pressure equalising funnel. The dry solvent was used immediately.   
Chloroform (CHCl3) Chem Supply 
Cyclohexanone (C6H10O) Ajax Chemicals 
α
 Dichloromethane (CH2Cl2) Chem Supply 
α
 Diethyl ether (C2H5OC2H5) Chem Supply 
α
 Dimethylformamide (C3H7NO) Ajax Chemicals 
CHAPTER 2  
Materials and Methods 
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Ethanol (CH3CH2OH) Merck Chemicals 
Hydrochloric acid (32%, HCl) Ajax Chemicals 
Methanol (CH3OH) Merck Chemicals 
Methyl ethyl ketone (C2H5COCH3) Mallinckrodt Baker 
Methyl isobutyl ketone ((CH3)2CHCH2COCH3) Mallinckrodt Baker 
Milli-Q Water (H2O) – Ultrapure Milli-Q water was collected from a Milli-Q-plus 
185-system operating with Millipore Purification Packs.   
2-Pentanone (CH3COCH2CH2CH3) Fluka 
3-Pentanone (CH3CH2COCH2CH3) H&W 
Sulphuric Acid (98%, H2SO4) Ajax Chemicals 
α
 Tetrahydrofuran (C4H8O) Merck Chemicals 
α
 Toluene (C6H5CH3) Ajax Chemicals 
 
2.1.2. Chemical Reagents 
 
(3-aminopropyl)triethoxysilane (≥ 98%, H2N(CH2)3Si(OC2H5)3) Sigma Chemicals 
Ammonium hexafluorophosphate (95+ %, NH4PF6) Aldrich Chemicals 
Ammonium hydroxide (28%, NH4OH) Aldrich Chemicals 
2,2-Bipyridine (99+ %, C10H8N2) Aldrich Chemicals 
Bromine (99%, Br2) BDH Chemicals 
n-butyllithium in hexane (1.567M, C4H9Li) Aldrich Chemicals 
Copper(I) iodide (≥ 98%, CuI) Ajax Chemicals 
Copper(I) thiocyanate (99%, CuNCS) Aldrich Chemicals 
Copper(II) chloride (99%, CuCl2) BDH Chemicals 
Copper(II) nitrate trihydrate (99%, Cu(NO3)2 · 3H2O) BDH Chemicals 
4,4'-Dibromo-2,2'-bipyridine (C10H6N2Br2) Carbosynth 
4,4'-Dicarboxylic acid-2,2'-bipyridine (C12H8N2O4) Dyesol 
Di-2-pyridylketone (99%, C11H8N2O) Aldrich Chemicals 
Hypophosphorous acid (50wt.% in H2O,  H3PO2) M&B Chemicals 
Iodine (99%, I2) BDH Chemicals 
Lithium chloride (99%, LiCl) Merck Chemicals 
Neocuproine (2,9-dimethyl-1,10-phenanthroline) (99%, C14H12N2) Sigma Chemicals 
1,10-phenanthroline (99+ %, C12H8N2 )Aldrich Chemicals 
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Potassium chloride (KCl) BDH Chemicals 
Potassium iodide (KI) Ajax Chemicals 
Ruthenium(III) chloride hydrate (99.9 %-Ru, RuCl3· xH2O) Strem Chemicals 
Sodium hydroxide (NaOH) Ajax Chemicals 
Sodium sulphite (97%, Na2SO3) Univar Chemicals 
Sodium thiocyanate (99%, NaNCS) Unilab Chemicals 
Tetraethylorthosilicate (99%, Si(OC2H5)4) Sigma Chemicals 
Tetrakis(triphenylphosphine)palladium(0) (99.9+ %, Pd(P(C6H5)3)4) Strem Chemicals 
Thionyl chloride (≥ 98%, SOCl2) Merck Chemicals 
Triethanolamine (≥ 98%, (HOCH2CH2)3N) BDH Chemicals 
Triethylamine (≥ 99%, (C2H5)3N) BDH Chemicals 
Triethylphosphite (98%, (C2H5O)3P) Aldrich Chemicals 
Triisopropyl phosphite (90+ %, ((CH3)2CHO)3P)) Alfa Aesar Chemicals 
Triphenylphosphine, (≥ 98%, (C6H5)3P) BDH Chemicals 
 
2.2. Methods 
 
2.2.1.  Preparation of Ligands 
 
2.2.1.1. 1-(3'-aminopropylsilatrane) 
 
1-(3'-aminopropylsilatrane) was synthesised following the procedure of Semenov.
[100]
  
 
A mixture of 3-aminopropyl(triethoxy)silane (8.84g, 0.04mol) and triethanolamine 
(5.69g, 0.04mol) was heated (~70C) in a flask fitted with a Dean-Stark apparatus, 
and the ethanol produced was removed as it formed. The product was recrystallised 
twice, from toluene and then chloroform, to give a pale yellow powder in 62% yield.     
 
Chemical Equation: 
 
H2N(CH2)3Si(OCH2CH3)3 + (HOCH2CH2)3N  H2N(CH2)3Si(OCH2CH2)3N  + 
3CH3CH2OH 
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IR (KBr): v = 3411 (b), 2954 (m), 2900 (m), 1660(m), 1576 (m), 1494 (b), 1124 (m), 
1096 (m), 946 (s), 917 (s), 778 (m) cm
-1
. (where b = broad, m = medium and s = 
strong) 
 
1
H NMR (CDCl3, 300 MHz): δ 0.4 (t, 2H, J = 5 Hz, –CH2–Si–), 1.53 (m, 2H,             
–CH2–), 2.60 (t, 6H, J = 4.5 Hz, –CH2–N), 2.79 (t, 2H, J = 3.5 Hz, CH2–NH2), 3.75 
(t, 6H, J = 2.5 Hz, CH2–O–) ppm. (where t = triplet, and m = multiplet)   
 
2.2.1.2.  2,2'-bipyridine-4,4'-dicarboxylic acid bis[(3-silatranylpropyl) 
amide] (bipy-sil) 
 
2,2'-bipyridine-4,4'-dicarboxylic acid bis[(3-silatranylpropyl)amide] (bipy-sil) was 
synthesised following the procedure of Brennan et al.
[48]
  
 
2,2'-bipyridine-4,4'-dicarboxylic acid (371mg, 1.52mmol) and thionyl chloride (4mL, 
55mmol) were refluxed under nitrogen for 3 hours, and any remaining unreacted 
thionyl chloride was removed under vacuum. To this, a solution containing 
triethylamine (450µL, 3.23mmol) and dichloromethane (5mL, 78mmol) was added. 
This mixture was then transferred to a solution of toluene (15mL) containing 3-
aminopropylsilatrane (712mg, 3.06mmol) and heated at 60°C for 1 hour, and then 
stirred at ambient temperature for 12 hours. The solvent was removed under vacuum 
and the dark yellow product purified by column chromatography on silica gel (9 
CHCl3: 1 CH3OH) to give a white powder in 10% yield. 
 
Chemical Equation :  
 
[C5H3N.COOH]2  + SOCl2  [C5H3N.COCl]2 
                 (CH3CH2)3N in CH2Cl2       H2N(CH2)3Si(OCH2CH2)3N in (C6H5)CH3 
[C5H3N(CONH(CH2)3Si(OCH2CH2)3N)2]2 
 
IR (KBr): v = 3456 (b), 2937 (m), 2891 (m), 1659 (s), 1540 (s), 1463 (s), 1280 (s), 
1119 (s), 1094 (s), 757 (s) cm
-1
. 
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1
H NMR (DMSO-d6, 300 MHz): δ 0.35 (t, 4H, J = 6 Hz, –CH2–Si–), 1.50 (m, 4H, –
CH2–), 2.66 (t, 12H, J = 5 Hz, –CH2–N), 2.84 (t, 4H, J = 4 Hz, CH2–NH2), 3.75 (t, 
12H, J = 4 Hz, CH2–O–), 7.8 (m, 2H, Ar-H), 8.05 (s, 2H, Ar-H), 8.6 (m, 2H, Ar-H) 
ppm. (where s = singlet) 
 
2.2.1.3. 1-ethoxysilatrane 
 
1-ethoxysilatrane was prepared using a similar procedure to that described in 2.2.1.1, 
however a large excess of benzene was added to act as an azeotropiser.   A mixture of 
tetraethylorthosilicate (8.33g, 0.04mol), triethanolamine (5.69g, 0.04mol) and 
benzene (20mL) were heated (~70C) in a flask fitted with a Dean-Stark apparatus; 
the benzene-ethanol azeotrope produced was removed as formed. The product was 
recrystallised twice from toluene and then chloroform to give a yellow solid in 73 % 
yield. 
 
Chemical Equation: 
          C6H6 
(CH3CH2O)4Si + (HOCH2CH2)3N   CH3CH2OSi(OCH2CH2)3N 
 
1
H NMR (CDCl3-d6, 300 MHz): δ 1.10 (t, 3H, J = 6 Hz, CH3–), 2.6 (t, 6H, J = 4 Hz, 
CH2–N), 3.9 (m, 2H, CH2–O), 3.9 (m, 6H, O–CH2) ppm. 
 
2.2.1.4. 1-chlorosilatrane 
 
1-chlorosilatrane was prepared  following the procedure of  Kazakova et al.
[101]
 
 
1-ethoxysilatrane (220mg, 1mmol) was reacted with excess thionyl chloride (0.4mL, 
5mmol) under a nitrogen atmosphere for 4 hours. The excess thionyl chloride was 
removed under reduced pressure, and the product recrystallised from DCM and 
recovered as a white powder in 80% yield.      
 
Chemical Equation: 
CH3CH2OSi(OCH2CH2)3N + SOCl2  ClSi(OCH2CH2)3N 
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1
H NMR (CDCl3-d6, 300 MHz): 2.55 (t, 6H, J = 7 Hz, CH2–N), 3.9 (m, 6H, O–CH2) 
ppm. 
 
2.2.2. Synthesis of Silatrane Ligands 
 
2.2.2.1. Attempted Direct Linkage of Silatrane to bipy: Grignard Method  
 
In a 250mL two-neck round bottom flask* fitted with a reflux condenser, a rubber 
septum and a stir bar, a mixture of 1-ethoxysilatrane (1.33g, 6mmol), anhydrous THF 
(10mL) , freshly washed magnesium turnings (121.5mg, 5mmol) and a small crystal 
of iodine
#
 was heated to 70°C under a nitrogen atmosphere. Then, a concentrated THF 
solution containing 4,4'-dibromo-2,2'-bipyridine (314mg, 1mmol) was added 
dropwise via syringe over half an hour. The mixture was allowed to reflux for an 
additional 3 hours. The solvent was removed under reduced pressure, and hexane 
(30mL) added to the crude product. The resulting mixture was filtered, and an off-
white precipitate formed within a day. Spectroscopic examination (NMR, IR) of the 
white precipitate indicated that starting material was isolated.  
* glassware was flame dried before use.  
#
 the same method was used with dibromoethane (375mg, 2mmol). 
 
2.2.2.2. Attempted Direct Linkage of Silatrane to bipy: Palladium Method 
  
Anhydrous toluene (33 mL) containing 4,4' -dibromo-2,2' -bipyridine (500mg, 
1.6mmol), 1-ethoxysilatrane (1.5g, 7mmol), triethylamine (1.0mL, 7mmol), 
triphenylphosphine (2.1 g,  8mmol) and Pd(PPh3)4 (0.37 g,  0.32 mmol) were 
refluxed for 18 h under nitrogen. The solution was filtered and distilled.  A milky-
white liquid product was isolated. Spectroscopic examination (NMR) of the milky-
white liquid indicated that starting material was isolated. 
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2.2.2.3. Attempted Direct Linkage of Silatrane to bipy: Butyl-lithium 
Method 
 
An attempt was made to synthesise 4,4'-disilatrane-2,2'-bipyridine following the 
procedure of Reidmiller et al.
[102]
 with some modification. 
 
In a 100mL two-neck round bottom* flask fitted with two rubber septums and a stir 
bar under a nitrogen atmosphere,  a solution of 4,4' -dibromo-2,2' -bipyridine 
(100mg, 0.32mmol) in anhydrous diethyl ether (5mL), a solution of n-butyllithium 
in hexane (0.2mL, 1.567M, 0.32mmol) was added dropwise while cooling to –
78C. The resulting solution was stirred and maintained at –78C for 1 hour.  A pre-
cooled         (–78C) solution of 1-ethoxysilatrane (140mg, 0.64mmol) in 
anhydrous diethyl ether (5mL) was added to the former solution slowly via cannula. 
The resulting solution was stirred and maintained at –78C for 1 hour, after which 
the solution was allowed to warm to room temperature.  The solvent was evaporated 
and pentane (5mL) added to the residue. The solution was filtered and the product 
isolated by distillation. A yellow liquid product was isolated. Spectroscopic 
examination (NMR) of the yellow liquid indicated the presence of aromatic and 
silatrane peaks, although not in correct ratios.  
*glassware was flame dried before use.  
2.2.2.4. Attempted Direct Linkage of Silatrane to bipy: 1-chlorosilatrane 
 
An attempt was made to synthesise 4,4'disilatrane-2,2'-bipyridine following the 
procedure of Anderson et al.
[103]
  with some modification. 
 
In a 100mL two-neck round bottom* flask fitted with two rubber septums and a stir 
bar under a nitrogen atmosphere,  a solution of 4,4' -dibromo-2,2' -bipyridine 
(100mg, 0.32mmol) in anhydrous diethyl ether (5mL), a solution of n-butyllithium 
in hexane (0.2mL, 1.567M, 0.32mmol) was added dropwise while cooling to –
78C. The resulting solution was stirred and maintained at –78C for 1 hour.  A pre-
cooled (–78C) solution of 1-chlorosilatrane (133mg, 0.64mmol) in anhydrous 
  
Chapter 2: Materials and Methods 
~ 35 ~ 
diethyl ether (15mL) was added to the former solution slowly via cannula.  The 
resulting solution was stirred and maintained at –78C for 1 hour,  after which the 
solution was allowed to warm to room temperature.  The solution was filtered and 
the product isolated by distillation. A yellow-brown liquid product was isolated. 
Spectroscopic examination (NMR) of the liquid indicated that only the starting 
materials had been recovered.  
*glassware was flame dried before use.  
 
2.2.2.5. N-(trimethylsilyl)pyridine-3-carboxamide    
    
N-(trimethylsilyl)pyridine-3-carboxamide was prepared following the procedure of 
Gilg et al.
[104-105]
 
 
A mixture of nicotinamide (250mg, 2mmol), chlorotrimethylsilane (224mg, 2mmol), 
and hexamethyldisilizane (2mL) were refluxed for five hours. A pale yellow powder 
was isolated in 65% yield. 
  
Chemical Equation: 
 
            [(CH3)3Si]3NH 
[C5H4N.CONH2] +  ClSi(CH3)3   [C5H4N(CONSi(CH3)3)] 
 
1
H NMR (DMSO-d6, 300 MHz): -0.1 (s, 3H, J = 6 Hz, CH3–Si), 0.1 (s, 3H, CH3–Si), 
0.3 (s, 3H, CH3–Si), 7.23 (m, 1H, Ar–H), 8 (m, 1H, Ar–H), 8.6 (dd, 1H, J = 5 Hz, 
4.5Hz, Ar–H), 8.9 (d, 1H, J = 3 Hz, Ar–H) ppm. (where d = doublet and dd = doublet 
of doublets)  
 
2.2.2.6. Attempted Amide Linkage: 1-chlorosilatrane  
 
An attempt was made to synthesise N-(1-silatranyl)nicotinamide following the 
procedure of Gilg et al.
[104-105]
 with some modification. 
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A mixture of nicotinamide (125mg, 2mmol), 1-chlorosilatrane (214mg, 1mmol), and 
hexamethyldisilizane* (2mL) were refluxed for five hours. A brown powder was 
isolated, which on spectroscopic examination (NMR) was identified as starting 
material was isolated.  
*The same method was used with toluene, benzene and chlorobenzene with similar 
results. 
 
2.2.2.7. 4,4'-di(trimethylsilyl)-2,2'-bipyridine 
 
4,4'-di(trimethylsilyl)-2,2'-bipyridine was synthesised following the procedure of 
Anderson et al.
[103]
  with some modification. 
 
In a 100mL two-neck round bottom* flask fitted with two rubber septums and a stir 
bar under a nitrogen atmosphere,  a solution of 4,4' -dibromo-2,2' -bipyridine 
(100mg, 0.32mmol) in anhydrous diethyl ether (5mL), a solution of n-butyllithium 
in hexane (0.2mL, 1.567M, 0.32mmol) was added dropwise while cooling to –
78C. The resulting solution was stirred and maintained at –78C for 1 hour.  A pre-
cooled (–78C) solution of TMS-Cl (70mg, 0.64mmol) in anhydrous diethyl ether 
(15mL) was added to the former solution slowly via cannula. The resulting solution 
was stirred and maintained at –78C for 1 hour,  after which the solution was 
allowed to warm to room temperature. The solution was filtered and the product 
isolated by distillation. A yellow-brown liquid product was isolated. Spectroscopic 
examination (NMR) of the liquid indicated that 4,4'-di(trimethylsilyl)-2,2'-bipyridine 
was isolated in 12% yield.  
*glassware was flame dried before use.  
 
Chemical Equation: 
 
   1.BuLi  2. ClSi(CH3)3 
[C5H3BrN]2  [C5H3N(Si(CH3)3)]2  
                  (CH3CH2)2O 
 
1
H NMR (DMSO-d6, 300 MHz): 0.4 (s, 9H, CH3–Si), 7.2 (d, 1H, J = 3.5 Hz, Ar–H), 
7.6 (d, 1H, J = 3 Hz, Ar–H), 8.5 (m, 2H, Ar–H), 8.7(s, 2H, Ar–H) ppm. 
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2.2.2.8. Attempted Ester Linkage: 1-ethoxysilatrane 
 
An attempt was made to synthesise 4,4'-dicarboxysilylestersilatrane-2,2'-bipyridine 
following the procedure of Chen et al.
[106] with some modification. 
 
In a two neck round bottom flask fitted with a Dean-Stark dcbipy (100mg, 0.4mmol), 
1-ethoxysilatrane (90mg, 0.4mmol) and chlorobenzene (5mL) were refluxed for 3 
hours under nitrogen. The ethanol and chlorobenzene were removed by azeotropic 
distillation. The pale yellow precipitate that formed was recrystallised from a 1:1 
DCM/hexane solution. However, spectroscopic examination (NMR, IR) indicated that 
only starting material was isolated. 
 
2.2.2.9.  2,2'-bipyridine-4,4'-(diethyl phosphonate) (depbipy) 
 
2,2'-bipyridine-4,4'-(diethyl phosphonate) was synthesised following the procedure of 
Kanaizuka.
[12]
 
 
A mixture of anhydrous toluene (33mL), 4,4'-dibromo-2,2'-bipyridine (1.00g, 
3.17mmol), triethylphosphite (1.86mL, 14mmol), triethylamine (2.0mL, 14mmol), 
triphenylphosphine (4.17g, 16mmol) and Pd(PPh3)4 (0.73g, 0.64mmol) were refluxed 
for 14 hours under nitrogen. The mixture was transferred to a separating funnel and 
washed with aqueous ammonia (1M, 15mL) and then with Milli-Q water (15mL), and 
dried over MgSO4. The solvent was removed under vacuum and the product purified 
by column chromatography on silica gel (99 CH2Cl2/ 1 CH3OH), to give a white 
powder in 76% yield.  
 
Chemical Equation: 
 
                      (CH3CH2)3N, (CH3CH2O)3P, (C6H5)3P 
[C5H3BrN]2 [C5H3N(PO(OCH2CH3)2]2 
                           Pd(PPh3)4, (C6H5)CH3 
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IR (KBr): v = 3455 (b), 2149 (m), 1968 (m), 1637 (s), 1435 (s), 1398 (s), 1365 (s), 
1227 (m), 1043 (m), 567 (m) cm
-1 
 
1
H NMR (CDCl3, 300 MHz): δ 1.37 (t, 12H, J = 6 Hz, –CH3), 4.20 (m, 8H, –CH2–), 
7.28 (s, 2H, Ar–H), 7.73 (dd, 2H, J = 4 Hz, 4.5Hz, Ar–H), 8.82 (m, 2H, Ar–H) ppm.     
        
2.2.3. Preparation of Copper(I) and (II) Ophen complexes 
 
2.2.3.1.  Synthesis of [Cu(I)2(Ophen)2] (1) and the Cu(II) intermediates 
[Cu
(II)
(phen)2(H2O)] . (NO3)2 (2) and [Cu
(II)
2(Ophen)2(phen)2] . 
(NO3)2. 9H2O (3) 
 
[Cu
(I)
2(Ophen)2] (1) was synthesised, as described below, following the procedure of 
Zhang,
[107]
 with some modification.  
 
A mixture of Cu(NO3)2.3H2O (0.12g, 0.5mmol), 1,10-phenanthroline (0.162g, 
0.9mmol) and water (Milli-Q, 10mL) was adjusted to pH 9 with 2M NaOH solution. 
The blue suspension was then sealed in a Teflon-lined stainless steel autoclave 
(20mL)
*
, heated at 150°C for 120 hours under autogeneous pressure, and then 
allowed to cool slowly in the oven for 6 hours. This synthesis was repeated several 
times. The expected dark-blue block-like crystals of [Cu
(I)
2(Ophen)2] (1) were isolated 
from an emerald-green supernatant, on a number of occasions. However, in several 
cases only an emerald-green solution, similar in appearance to the supernatant from 
[Cu
(I)
2(Ophen)2], was obtained. This was stored in a sealed glass vial and allowed to 
crystallise at ambient temperature, yielding a mixture of light-green,                         
[Cu
(II)
(phen)2(H2O)](NO3)2 (2) (21% Yield), and emerald-green, 
[Cu
(II)
2Ophen)2(phen)2] (NO3)2. 9H2O (3) (4% Yield), crystals after 7 days. The 
crystals were separated manually, whilst viewing under an optical microscope.  
 
* This type of vessel was used for all hydrothermal reactions. It is a stainless steel 
screw-top autoclave, which contains a Teflon cup lining, including a lid which holds 
approximately 20mL of solution, see Figure 2-1. The appropriate mixture is added to 
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the Teflon cup in the autoclave, the Teflon lid is then placed on top and finally the 
screw-top lid of the autoclave screwed on. The autoclave is then placed into a pre-
heated oven under autogeneous pressure, for several days. The autoclave is cooled 
slowly in the oven before being opened.       
 
 
Figure 2-1 Schematic of Autoclave  
 
 
Chemical Equation:  See Scheme 3-5. 
 
FT-IR data: See section 3.3.1 for a detailed discussion and interpretation. 
 
[Cu
(I)
2Ophen)2] (1): IR (KBr): v = 3415 (m), 1620 (s), 1562 (s), 1512 (s), 1485 (s),      
1384 (s), 1128 (m), 843 (s), 731 (m) cm
-1
. 
 
[Cu
(II)
(phen)2(H2O)](NO3)2 (2): IR (KBr): v = 3407 (m), 1519 (s), 1428 (s), 1385 (s),       
862 (s), 722 (m) cm
-1
.
 
 
 
[Cu
(II)
2(Ophen)2(phen)2] (3): IR (KBr) : v = 3413 (m), 1621 (s), 1517 (s), 1483 (s), 
1384 (s), 847 (m), 720 (b) cm
-1
. 
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2.2.4. Preparation of complexes of Copper(I) and (II) with dpk and 
ligands derived from dpk 
 
2.2.4.1. Synthesis of [Cu(I)(dpk)(NCS)]n (4)/(5) and 
[Cu
(II)
2(dpk.acetone)2(NCS)2] (6)    
 
CuSCN (0.12g, 1mmol) and NaSCN (0.81g, 10mmol) were dissolved in a 1:3 
aqueous-acetone (20mL) solution. The resulting pink solution was filtered, and to this 
dpk (0.37g, 2mmol) in acetone (5mL) was added. The mixture was stirred and heated 
gently (approx. 40°C) for 10 minutes. A combination of black block-like and black 
needle-like crystals, [Cu
(I)
(dpk)(NCS)]n (4)/(5) were isolated from a purple-red 
supernatant in 70% yield within 2 hours. When [Cu
(I)
(dpk)(NCS)]n was left to stand in 
the supernatant at ambient temperature for three days, large green block crystals of 
[Cu
(II)
2(dpk.acetone)2(NCS)2] (6)  formed in 15% yield, and the supernatant changed 
to a dark green colour.            
 
Chemical Equation: See Scheme 4-1. 
 
FT-IR data: See section 4.3.1.2 for a detailed discussion and interpretation 
 
[Cu
(I)
(dpk)(NCS)]n (4)/(5): IR(KBr): v =  3426 (m), 2091 (s), 1685 (s), 1581 (s), 1304 
(s), 1278 (s), 935 (s) 750 (s), 663 (s) cm
-1
. 
 
 [Cu
(II)
2(dpk.acetone)2(NCS)2] (6): IR(KBr): v =  3420 (m), 2075 (s), 1711 (b), 1594 
(s), 1465 (s), 1432 (s), 1101 (s), 1090 (s), 760 (m), 557 (s) cm
-1
. 
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2.2.4.2. Synthesis of [Cu(I)2(dpk)2I2] (7) 
 
[Cu2(dpk)2I2] (7) was prepared using the same procedure as 2.2.4.1, except CuI 
(0.19g, 1mmol) and KI (1.66g, 10mmol) were used in place of CuSCN and NaSCN. 
A red-brown solution formed when CuI and KI were dissolved in the aqueous-acetone 
solution (20mL), and black block crystals were isolated from a brown supernatant in 
60% yield after standing overnight. 
 
Chemical Equation: See Scheme 4-3. 
 
FT-IR data: See section 4.3.3.1 for a detailed discussion and interpretation. 
 
[Cu
(I)
2(dpk)2I2] (7):  IR(KBr): v =  3414 (m), 1662 (s), 1579 (s), 1304 (s), 1276 (s),       
1009 (s), 934 (s) 746 (s) 662(s) 
 
2.2.4.3. Synthesis of [Cu(II)(dpk)2(NCS)2] (8)  and            
[Cu
(II)
(dpk.H2O)2](NCS)2 (9) 
 
[Cu
(II)
(dpk)2(NCS)2] (8) and [Cu
(II)
(dpk.H2O)2](NCS)2 (9) were prepared using the 
same procedure as 2.2.4.1, except methyl ethyl ketone (MEK) was used in place of 
acetone. A brown solution formed when CuNCS and NaNCS were dissolved in a 1:6 
aqueous-MEK solution (20mL) (Note - MEK does not have the same miscibility in 
water as acetone and therefore the same solvent ratio could not be used as in 2.2.4.1). 
A combination of green block-like crystals of [Cu
(II)
(dpk)2(NCS)2] (8) in a 5% yield, 
and purple block-like crystals of [Cu
(II)
(dpk.H2O)2](NCS)2 (9) in a 50% yield, were 
isolated within one week, as the supernatant changed colour to green.     
 
Chemical Equation: See Scheme 4-4. 
 
FT-IR data: See section 4.3.5.2 for a detailed discussion and interpretation. 
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[Cu
(II)
(dpk)2(NCS)2] (8): IR(KBr): v = 3459 (b), 2060 (s), 1626 (m), 1310 (s), 1282 
(s), 939 (s), 757 (s), 686 (s), 667 (s) cm
-1
. 
 
[Cu
(II)
(dpk.H2O)2](NCS)2 (9): IR(KBr): v = 3464 (b), 2086 (s), 2051 (s), 1681 (s), 
1597 (s), 1309 (s), 1282 (s), 934 (s), 757 (s), 687 (s), 668 (s) cm
-1
.  
 
2.2.4.4.  Synthesis of [Cu(II)(pic)2]Na2(NCS)2.2H2O (10), 
Na2[Cu
(II)
(pic)2(NCS)2](H2O)2 (11)  and [Cu
(II)
(pic)2]·Na2 
[Cu
(II)
(pic)2(NCS)2] (12)    
 
[Cu
(II)
(pic)2]Na2(NCS)2.2H2O (10), Na2[Cu
(II)
(pic)2(NCS)2](H2O)2 (11) and 
[Cu
(II)
(pic)2] Na2 [Cu
(II)
(pic)2(NCS)2] (12) were prepared using the same procedure as 
2.2.4.1, except acetophenone was used in place of acetone, and the crystals were 
isolated from two different experiments. A brown solution formed when CuNCS and 
NaNCS were dissolved in a 1:20 aqueous-acetophenone solution (20mL) (Note - 
acetophenone is only slightly miscible in water therefore the ratio was adjusted to 
1:20). The resulting brown solution was filtered, and to this dpk (0.37g, 2mmol) in 
acetophenone (5mL) was added. The mixture was stirred and heated gently (approx. 
60°C) for 10 minutes. A combination of blue prism crystals of 
[Cu
(II)
(pic)2]Na2(NCS)2.2H2O (10) and Na2[Cu
(II)
(pic)2(NCS)2](H2O)2 (11) in an in-
situ 1% yield were isolated within five weeks from a brown supernatant (The crystals 
could not be separated, and differences between crystals could only be identified 
through single-crystal XRD, therefore the yield was calculated by averaging the  total 
mass between the two molecular weights. The ratio between the two crystals is 
unknown; hence the yield is only an estimate.).  In a separate experiment, blue block-
like crystals of [Cu
(II)
(pic)2] Na2 [Cu
(II)
(pic)2(NCS)2] (12)  were isolated within three 
months in 2% yield from a brown supernatant.           
 
Chemical Equation: See Scheme 4-9. 
 
FT-IR data: See section 4.3.6.1 for a detailed discussion and interpretation. 
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[Cu
(II)
(pic)2]Na2(NCS)2.2H2O (10) and Na2[Cu
(II)
(pic)2(NCS)2](H2O)2 (11): IR(KBr): 
v =  3456 (b), 2075 (s), 1650(s), 1606(s), 1380(s), 1362(s), 1296(s), 1051(s), 767(s), 
695(s) cm
-1
.      
 
[Cu
(II)
(pic)2] Na2 [Cu
(II)
(pic)2(NCS)2] (12): IR(KBr): v = 3461 (b), 2084 (s), 2062 (s), 
1640 (s), 1596 (s), 1446 (s), 1362 (s), 1270 (s), 1220 (s), 1095 (s), 1039 (s), 757 (s), 
688 (s)  cm
-1
.         
 
2.2.5. Preparation of complexes of Ruthenium (II) with bipy and 
ligands based on bipy. 
 
2.2.5.1. Synthesis of cis- [Ru(bipy)2Cl2]  
 
[Ru(bipy)2Cl2] was synthesised following the procedure of Sprintschnik et al.
[108]
 
 
RuCl3.xH2O (1.95g, 9.4mmol) and bipy (2.34g, 14.98mmol) were refluxed in 
anhydrous DMF (75mL) under N2 for 3 hours. Most of the solvent was distilled off 
and the resulting solution was cooled slowly overnight. The cooled solution was 
treated with acetone (75mL) and kept at 0C overnight. The solution was filtered and 
the precipitate suspended in a 1:1 aqueous-ethanol solution (150mL) and refluxed for 
1 hour, the solution was filtered from insoluble materials, and then excess lithium 
chloride (5g, 118mmol) was added to the filtrate. The ethanol was distilled off and the 
aqueous solution placed in an ice-bath until a precipitate formed. A dark red-purple 
microcrystalline product was isolated in 65-70% yield.  
 
Chemical Equation: Scheme 5-2   
 
IR(KBr): v = 3460 (b), 1602 (s), 1465 (s), 1445 (s), 1441 (s), 1315 (s), 1268 (s), 1159 
(s), 1019 (s), 769 (s) cm
-1
.  
 
1
H NMR (D2O/DMSO-d6, 300 MHz): δ 7.47 (d, 4H, J = 4Hz,  Ar–H), 7.99 (m, 8H, 
Ar–H), 8.40 (d, 4H, J = 3.5Hz, Ar–H) ppm.  
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2.2.5.2. Synthesis of [Ru(bipy)2(dcbipy)](PF6)2 (13) 
 
Two synthetic methods were investigated for the synthesis of 
[Ru(bipy)2(dcbipy)](PF6)2. 
 
The first [Ru(bipy)2(dcbipy)](PF6)2  synthesis followed the procedure of Browne et 
al.
[109]
 
 
[Ru(bipy)2Cl2] (260mg, 0.5mmol) and dcbipy (122mg, 0.5mmol) were refluxed under 
subdued light in a 1:1 aqueous-ethanol solution (20mL) for four hours. The red 
reaction mixture was cooled to room temperature and filtered. To the filtrate a 
saturated NH4PF6 solution (2mL) was added. The resulting solution was acidified to 
pH 2, and the precipitate collected and washed with diethyl ether and recrystallised 
from a 1:1 aqueous-methanol solution. A red microcrystalline product was isolated in 
58% yield.       
 
The second, and higher yielding, [Ru(bipy)2(dcbipy)](PF6)2  synthesis followed the 
procedure of Terpetschnig et al.
[110]
 
 
[Ru(bipy)2Cl2] (200mg, 0.4mmol), dcbipy (150mg, 0.6mmol) and NaHCO3 (200mg, 
2.4mmol) were refluxed in a 1:4 aqueous-methanol solution for 8 hours. The solution 
was cooled in an ice-bath and the pH adjusted to 4 with H2SO4 (2M). The precipitate 
was filtered, and to the filtrate a saturated NH4PF6 solution (2mL) was added, this was 
then cooled in an ice-bath. A red microcrystalline product was isolated in 71% yield.        
 
Chemical Equation: Scheme 5-2 
 
FTIR data: See Section 2.2.6 for a detailed discussion. 
 
IR(KBr): v = 3463 (b), 2936 (m), 1739 (s), 1608 (m), 1470 (s), 1449 (s), 1236 (m), 
850 (s), 764 (s), 559 (s) cm
-1
.   
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A minimum of 128 scans was collected for each of the 
1
H NMR spectra, due to the 
complexes being sparingly soluble in the deuterated solvents. Consequently the 
13
C
 
NMR data obtained was quite poor due to the extremely high signal to noise ratio and 
has not been included. The solvent peaks in all of the spectra are due to a 
1
H impurity 
in CDCl3: (CHCl3 δ=7.26 ppm), d6-DMSO (HDMSO δ=2.50 ppm), and D2O (HDO 
δ=4.79 ppm), have been removed and where possible an additional smoothing process 
has been applied to reduce the background noise.  
 
For identification purposes, the protons on dcbipy and bipy have been labelled as in 
Figures 2-2 and 2-3 respectively.   
             
N N
CC OHdHdO Hc Hc
Hb
Ha
Ha
Hb
O O
 
Figure 2-2 Location of protons on dcbipy 
 
N N
HlHl Hm Hm
Hk
Hj
Hj
Hk
 
Figure 2-3 Location of protons on bipy 
 
The 
1
H NMR spectrum of complex (13), [Ru(bipy)2(dcbipy)](PF6)2, in both D2O and 
DMSO-d6 (see Figure 2-4 for full spectrum), shows five distinct sets of peaks in the 
aromatic region of the spectrum δ7-9 ppm, which correspond to all the protons on the 
bipy and dcbipy ligands.  
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Figure 2-4 
1
H NMR of [Ru(bipy)2(dcbipy)](PF6)2 (13)
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The aromatic peaks appear to be a series of triplets and quartets as well as one singlet 
peak. The singlet peak at δ8.82 ppm is assigned to the proton, Hc, on the dcbipy 
ligand. When compared to the spectrum of the uncoordinated dcbipy ligand, the 
singlet peak in the complex shifted to δ7.91 ppm; indicating that an upward chemical 
shift has occurred when the ligand becomes coordinated. The remaining peaks overlap 
one another therefore making it difficult to separate and identify which are due to 
protons on the bipy ligand or the dcbipy ligand. The high chemical shift of the 
aromatic protons is characteristic of shifts influenced by nitrogen in the pyridine ring.  
 
There is also a small peak at δ10.60 ppm which may arise from the proton Hd, located 
on the carboxylic acid. The integrated area of this peak compared to the aromatic 
region area, is substantially less than expected (in total there are 24 protons in this 
complex, two of which are from the carboxylic acid, therefore these protons should 
contribute to 8.3% of the total area, however this was not found to be the case with 
only 1% of the total area arising from this peak, the low area may be due to 
deprotonation). The 
1
H NMR data for complex (13) is summarised in Table 2-1.     
 
Table 2-1 Assigned protons for complex (13) 
 
Proton* Chemical Shift (ppm) Splitting Coupling Constant (Hz) 
H
a
 7.82 doublet 7 
H
b
 7.65 doublet 6 
H
c 
8.82 singlet n/a 
H
d
 10.6 singlet n/a 
H
j 
8.37 doublet 7 
H
k
 7.90 multiplet n/a 
H
l
 7.90 multiplet n/a 
H
m
 7.60 doublet 5 
*As labelled in Figures 2-2 and 2-3. 
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1
H NMR (D2O/ DMSO-d6, 300 MHz): δ 7.20 (q, J = 5Hz, Ar–H), 7.55 (dd, J = 2Hz, 
5Hz, Ar–H), 7.60 (d, 4H, J = 5Hz, Ar–H), 7.65 (d, 2H, J = 5Hz, Ar–H), 7.82 (d, 2H,  
J = 7Hz, Ar–H), 7.90 (m, 4H, Ar–H), 8.37 (d, 4H, Ar–H), 8.82 (s, 2H, Ar–H), 10.6 (s, 
2H, –OH) ppm.   
 
2.2.5.3. Synthesis of [Ru(bipy)2(dpbipy)](PF6)2 (14) 
 
 [Ru(bipy)2(dpbipy)](PF6)2 was prepared using the second method in procedure 
2.2.5.2, except depbipy (190mg, 0.6mmol) was used in place of dcbipy, and NaHCO3 
was not added. The diethyl ester was hydrolysed by adjusting the pH to 4 with HCl 
(4M). A red microcrystalline product was isolated in 40% yield.  
 
Chemical Equation: Scheme 5-2 
 
The FT-IR spectrum of complex (14) shows well resolved peaks with characteristic 
stretching and bending bands of the phosphonate functional group. The v(P=O) 
stretching frequency bands are observed at 1024 and 1120 cm
-1
 and the δ(O-P-O) 
bending frequency bands at 538 cm
-1
.
[111]
 The aromatic stretches are also observed in 
the region: 1589 cm
-1 
(C=C) and 1541 cm
-1
 (C=N). A sharp intense peak at 1438cm
-1
 
is due to aromatic C-H bending.   
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Figure 2-5 FTIR spectrum of [Ru(bipy)2(dcbipy)](PF6)2  (14) 
 
IR(KBr): v = 3484 (b), 2993 (m), 1891 (s), 1589 (s), 1541 (s), 1485 (s), 1439 (s), 1191 
(s), 1121 (s), 1027 (s), 723 (s), 698 (s) 538 (s) cm
-1
. 
 
For identification purposes the protons on dpbipy have been labelled as in Figure 2-6.  
 
N N
PP O OHd
OHe
O
OHe
HdO Hc Hc
Hb
HaHa
Hb
 
Figure 2-6 Location of protons on dpbipy 
 
The 
1
H NMR spectrum of complex (14), [Ru(bipy)2(dpbipy)](PF6)2 in both D2O and 
DMSO-d6 (See Figure 2-7 for full spectrum) exhibited distinctive aromatic shifts from 
approximately δ7-9 ppm similar to that observed in complex (13). All the peaks in the 
aromatic region are observed as multiplets apart from one singlet at δ8.54 ppm, which 
is due to the proton labelled H
c
, as there are no neighbouring protons to split this 
proton, see Figure 2-6. 
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Figure 2-7 
1
H NMR of [Ru(bipy)2(dpbipy)](PF6)2 (14) 
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Once again, compared to the uncoordinated depbipy ligand, there is an upward shift 
from δ7.3 ppm to δ8.54 ppm which is indicative of the dpbipy ligand being 
coordinated. Similar to the 
1
H NMR of complex (13), the aromatic region is quite 
complex, and in this case more so than before. Therefore the separation of protons on 
the bipy from those on the dpbipy is difficult. In addition to this, the two bipy ligands 
do not appear to be in the same environment due to the multiple splitting of the peaks.  
 
At δ7.76 ppm and δ8.79 ppm there are two sets of doublets which appear in the exact 
same splitting order and when integrated have the exact same area, but are slightly 
shifted, to those observed in the uncoordinated depbipy ligand. This may be an 
influence of the phosphorus, as it was not observed in the other spectra. There is no 
indication of the protons located on the phosphonic acid, H
d
 and H
e
, in the spectrum, 
as a chemical shift at ~ δ2 ppm would indicate their presence. This may be due to 
proton exchange with D2O. See Table 2-2 for a summary of the proton NMR 
assignments.  
 
 
Table 2-2 Assigned protons for [Ru(bipy)2(dpbipy)](PF6)2 (14) 
 
Proton* Chemical Shift 
(ppm) 
Splitting Coupling Constant 
(Hz) 
H
a
 8.79 doublet of doublets 1.5, 9 
H
b
 7.76 doublet of doublets 2, 6 
H
c 
8.54 singlet n/a 
H
d
 Not observed
 
not observed n/a 
H
e 
Not observed
 
not observed n/a 
H
j 
7.5-7.75 multiplet  n/a 
H
k
 8.85 triplet 6 
H
l
 7.5-7.75 multiplet  n/a 
H
m
 7.5-7.75 multiplet  n/a 
*As labelled in Figures 2-3 and 2-6. 
 
1
H NMR (D2O/ DMSO-d6, 300 MHz): δ 7.45-7.52 (m, Ar–H), 7.53-7.60 (m, Ar–H), 
7.65-7.75 (m, Ar–H), 7.76 (dd, 2H, J = 2Hz, 6Hz, Ar–H), 8.54 (s, 2H,  Ar–H), 8.79 
(dd, 2H, J = 1.5Hz, 9Hz, Ar–H), 8.85 (t, J = 6Hz, Ar–H) ppm.  
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The 
31
P NMR spectrum (solvents used - D2O and DMSO) of complex (14) (See 
Figure 2-8 for spectrum from δ 100 to δ -100 ppm (Note – The PF6
¯
 chemical shift 
occurs at ~ δ -144 ppm, hence it is not displayed in the spectrum below) exhibited one 
peak at δ -14.26 ppm.  The expected chemical shift of phosphates (PO(OR)3) is from 
δ -10 ppm to δ -40 ppm, and the chemical shift of a phosphate with an R-group 
(RPO(OR)2) is from δ 20 ppm to δ -20 ppm, hence the observed peak falls within 
these ranges.
[112]
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Figure 2-8 
31
P NMR of [Ru(bipy)2(dpbipy)](PF6)2 (14) 
 
31
P NMR (D2O/ DMSO-d6, 121.45 MHz): δ -10 (s, 2P, –P–) ppm.   
 
2.2.5.4. Synthesis of [Ru(bipy)2(bipy-sil)](PF6)2 (15) 
 
[Ru(bipy)2(bipy-sil)](PF6)2 was synthesised following the procedure of Brennan et 
al.
[48]
 
 
[Ru(bipy)2Cl2] (32mg, 0.06mmol) and bipy-sil (48mg, 0.07mmol) dissolved in DMF 
(3mL) were heated to 90°C under N2 in subdued light for 72 hours. Most of the 
solvent was removed under vacuum and water (2mL) added. The resulting solution 
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was filtered, and to the filtrate was added a saturated NH4PF6 solution (0.4mL). The 
solution was then extracted with ethyl acetate and the solvent recovered by 
distillation. A red powder was isolated in 42% yield.       
 
Chemical Equation: Scheme 5-2 
 
FTIR data: See Section 2.2.6 for a detailed discussion. 
 
IR(KBr): v = 3367 (b), 2961 (m), 2896 (m), 1663 (s), 1551 (s), 1462 (s), 1277 (s), 
1066 (m), 918 (s), 802 (s) cm
-1
.  
 
For identification purposes the protons on bipy-sil have been labelled as in  
Figure 2-9. 
N N
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Figure 2-9 Location of protons on bipy-sil 
 
The 
1
H NMR spectrum of complex (15), [Ru(bipy)2(bipy-sil)](PF6)2 in both D2O and 
DMSO-d6 (See Figure 2-10 for full spectrum and Figure 2-11 for expanded areas), 
contains the expected aromatic peaks from δ 7-9 ppm, two of which appear to be 
singlets, and the remaining multiplets. In total, complex (15) contains 58 protons, 22 
of which are aromatic protons (38%), and the remaining 36 from the anchoring 
propyl-silatrane (62%). The overall integrated area of the aromatic region was found 
to be 38% and the propyl-silatrane 62%, which is in excellent agreement with the 
expected values. However, the integrated area of the propyl protons (12 protons - 
~20%) was found to be slightly lower than expected at 14%.  
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Figure 2-10 
1
H NMR of [Ru(bipy)2(bipy-sil)](PF6)2 (15) 
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Figure 2-11 
1
H NMR of [Ru(bipy)2(bipy-sil)](PF6)2 (15) (δ 0-4 ppm and δ 7-9.2 ppm)  
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There is one additional solvent peak in the spectrum which could not be removed at δ 
2.23 ppm, which is due to HDMSO. See Table 2-3 for summary.       
 
Table 2-3 Assigned protons for complex (15) 
 
Proton* Chemical Shift (ppm) Splitting Coupling Constant (Hz) 
H
a
 8.15 doublet 2 
H
b
 7.45 doublet 2.5 
H
c 
9.05 singlet n/a 
H
d
 Not observed not observed n/a 
H
e 
2.75 uneven sextet n/a 
H
f
 1.35 poorly split n/a 
H
g
 0.30 poorly split n/a 
H
h
 3.29 and 3.70  multiplet n/a 
H
i
 2.45 triplet 6 
H
j 
8.77 multiplet n/a 
H
k
 8.20 triplet 2 
H
l
 7.41 uneven doublet 
(may indicate 
overlap) 
2 
H
m
 7.27 doublet 3 
* As labelled in Figures 2-3 and Figure 2-9. 
 
 
1
H NMR (CDCl3, 300 MHz): δ 0.30 (m, 4H, –CH2–Si), 1.35 (m, 4H, –CH2–), 2.45 (t, 
12H, J = 6Hz, –CH2–N), 2.75 (m, 4H, –CH2–NH),  3.29-3.70 (m, 12H, –CH2–O), 
7.27 (d, 4H, J = 3Hz,  Ar–H), 7.41 (d, 4H, J = 2Hz, Ar–H), 7.45 (d, 2H, J = 2.5Hz, 
Ar–H),  8.15 (d, 2H, J = 2Hz, Ar–H), 8.20 (t, 4H, J = 2Hz, Ar–H), 8.77 (m, 4H, Ar–
H), 9.05 (s, 2H, Ar–H) ppm.  
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2.2.5.5. Synthesis of cis- [Ru(dcbipy)2Cl2] (16) 
 
[Ru(dcbipy)2Cl2] was synthesised following the procedure of Liska et al.
[53]
  
 
RuCl3.xH2O (60mg, 0.229mmol) and dcbipy (113mg, 0.463mmol) were refluxed in 
DMF under N2 for 8 hours. The resulting solution was cooled slowly overnight, and 
then filtered. The majority of the DMF solvent was evaporated off to leave 
approximately 1mL of solution. Acetone was then added dropwise until a dark-red 
precipitate formed. The powder was filtered off and dried under vacuum to give a 
55% yield.      
 
Chemical Equation: Scheme 5-1 
 
FTIR data: See Section 2.2.6 for a detailed discussion. 
 
IR(KBr): v = 3467 (b), 3115 (m), 2475 (b), 1989 (m), 1725 (s), 1660 (m), 1463 (s), 
1368 (s), 1309 (s), 1142 (s), 1070 (s), 1014 (s), 767 (s), 685 (s) cm
-1
. 
 
The 
1
H NMR spectrum of complex (16), [Ru(dcbipy)2Cl2] in D2O (See Figure 2-12 
for full spectrum) showed three peaks in the aromatic region, two of which were 
doublets and one a singlet. The chemical shift of the singlet, δ8.84 ppm, was found to 
be very similar to that observed in the spectrum of complex (13) with a shift at δ8.82 
ppm. The two doublet peaks are caused by the H
a
 and H
b
 protons, the doublet at δ8.91 
ppm is due to the proton, H
a, whereas the doublet at δ7.93 ppm is due to proton, Hb, 
however is there is also some additional fine coupling which may be caused by H
c
.  
The reason for the higher chemical shift being observed for H
a
 is due to the closer 
proximity of the proton to the nitrogen of the ring. See Table 2-4 for a summary of the 
proton NMR data.      
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Figure 2-12 
1
H NMR of complex (16)
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Table 2-4 Assigned protons for [Ru(dcbipy)2Cl2]  (16) 
 
Proton* Chemical Shift (ppm) Splitting Coupling Constant (Hz) 
H
a
 8.91 doublet 5 
H
b 
7.93 doublet  4 
H
c
 8.84 singlet n/a 
H
d
 not observed
# 
not observed n/a 
*As labelled in 2-2. 
# 
In D2O, proton exchange can occur with –COOH to form –COOD and therefore the 
proton would not be observed. 
 
1
H NMR (D2O, 300 MHz): δ 7.93 (d, 4H, J = 4Hz, Ar–H), 8.84 (s, 4H, Ar–H), 8.91 
(d, 4H, J = 5Hz, Ar–H) ppm.  
 
The 
1
H NMR spectra of complexes [Ru(dcbipy)2Cl2] (16) and [Ru(dcbipy)2(NCS)2] 
(17) were very similar. Thus, the FT-IR data was used to determine the inclusion of 
thiocyanate in the complex, (refer to section 2.2.6 for FT-IR data). This was also the 
case for the 
1
H NMR spectra of complexes [Ru(bipy-sil)2Cl2] (18) and [Ru(bipy-
sil)2(NCS)2] (19).  
 
2.2.5.6. Synthesis of cis-[Ru(dcbipy)2(NCS)2] „N3 dye‟ (17) 
 
[Ru(dcbipy)2(NCS)2]  was synthesised following the procedure of Nazeeruddin et 
al.
[113]
   
 
[Ru(dcbipy)2Cl2] (142mg, 0.214mmol) was dissolved in DMF (15mL) under subdued 
light. The carboxy groups were then deprotonated through the addition of NaOH 
(0.1M, 20mL, 2mmol). In a separate beaker, sodium thiocyanate (175mg, 2.26mmol) 
was dissolved in water (1-2mL), and then added to the DMF solution. The resulting 
mixture was refluxed and stirred for 6 hours under N2. The solution was cooled 
slowly overnight, and the solvent removed under vacuum. The powder was dissolved 
in water and the suspension filtered through a sintered glass crucible. The pH of the 
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filtrate was lowered to 2.5 by addition of H2SO4 (2M), and cooled to 4C for 18 hours. 
The solution was allowed to warm to room temperature and within several hours a 
microcrystalline solid formed. This was filtered and subsequently washed with water, 
acetone and anhydrous diethyl ether. [Ru(dcbipy)2(NCS)2] (17) was isolated as a dark 
red-microcrystalline powder 60% yield.   
 
Chemical Equation: Scheme 5-1 
 
FTIR data: See Section 2.2.6 for a detailed discussion. 
 
IR(KBr): v = 3449 (b), 2929 (b), 2119 (s), 2002 (s), 1722 (s), 1637 (m), 1553 (s), 
1407 (s), 1379 (s), 1308 (s), 1324 (s), 1025 (s), 771 (s) cm
-1
.  
 
1
H NMR (D2O, 300 MHz): δ δ 7.97 (d, 4H, J = 5Hz, Ar–H), 8.82 (s, 4H, Ar–H), 8.91 
(d, 4H, J = 5Hz, Ar–H) ppm. 
 
2.2.5.7. Synthesis of cis- [Ru(bipy-sil)2Cl2] (18) 
 
[Ru(bipy-sil)2Cl2] was prepared using a similar procedure as 2.2.5.6, except bipy-sil 
(100mg, 0.1mmol) was used in place of dcbipy. A dark red microcrystalline product 
was isolated in 40% yield. 
 
Chemical Equation: Scheme 5-1 
 
FTIR data: See Section 2.2.6 for a detailed discussion. 
 
IR(KBr): v = 3423 (b), 2939 (m), 2892 (m), 1651 (s), 1551 (m), 1463 (s), 1281 (s), 
1088 (s), 1022 (s), 916 (s), 759 (s) cm
-1
. 
 
Like the 
1
H NMR spectra of the other complexes, [Ru(bipy-sil)2Cl2] (18) also 
exhibited distinct aromatic shifts (Figure 2-13).  
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Figure 2-13 
1
H NMR of [Ru(bipy-sil)2Cl2]  (18) 
8.84 8.83 8.82 8.81 8.80 8.79 8.78 8.77 8.76 8.75 8.74 8.73 8.72 8.71 8.70
Chemical Shift (ppm)
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
7.79 7.78 7.77 7.76 7.75 7.74 7.73 7.72 7.71 7.70 7.69 7.68 7.67 7.66 7.65
Chemical Shift (ppm)
0.05
0.10
0.15
0.20
0.25
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
0.50 0.45 0.40 0.35 0.30
Chemical Shift (ppm)
0.05
0.10
0.15
0.20
0.25
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
1.60 1.59 1.58 1.57 1.56 1.55 1.54 1.53 1.52 1.51 1.50 1.49 1.48 1.47 1.46
Chemical Shift (ppm)
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
2.80 2.75 2.70 2.65 2.60 2.55
Chemical Shift (ppm)
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
3.80 3.75 3.70 3.65 3.60 3.55
Chemical Shift (ppm)
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
                                                                                    
 
Chapter 2: Materials and Methods 
~ 62 ~ 
The absorptions at δ 7.70-7.80 ppm appear to be three sets of multiplets which may 
arise from the proton, H
b
 (See Figure 2-9), and the upward chemical shift at δ 8.72-
8.80 ppm due to the proton, H
a
. A singlet peak at δ8.78 ppm arising from the proton, 
H
c
. Complex (18) contains a total of 84 protons, of which 12 (14%) are responsible 
for the aromatic protons, and the remaining 72 (86%) are from the propyl-silatrane. 
The measured integrated area is comparable to the number of protons with 11% of the 
area arising from the aromatic peaks, and the remaining 89% of the area arising from 
the aliphatic propyl-silatrane protons. However, even within the aliphatic region (from 
δ 0 to 4 ppm) there are some additional peaks which may be impurities contributing to 
the larger integrated area. There is one additional solvent peak in the spectrum which 
could not be removed at δ 2.37 ppm, which is due to DMSO. 
  
The peaks in the NMR spectrum of (18) are better defined than those observed in 
complex (15), [Ru(bipy)2(bipy-sil)](PF6)2, due to its higher solubility (The PF6
− 
 salt of 
complex (15) is sparingly soluble). The   chemical shifts in the spectrum of complex 
(18) are slightly different to those observed in complex (15) and are summarised in 
Table 2-5. 
 
Table 2-5  Assigned protons for [Ru(bipy-sil)2Cl2] (18) 
 
Proton* Chemical Shift (ppm) Splitting Coupling Constant 
H
a
 8.76 multiplet n/a 
H
b
 7.75 multiplet n/a 
H
c 
8.78 singlet n/a 
H
d
 Not observed not observed n/a 
H
e
 2.81 triplet 6 
H
f
 1.54 multiplet n/a 
H
g
 0.40 multiplet n/a 
H
h
 3.70 2 sets of triplets 5 
H
i
 2.60 multiplet n/a 
* As labelled in Figure 2-9. 
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1
H NMR (DMSO-d6, 300 MHz): δ 0.40 (m, 4H, –CH2–Si), 1.54 (m, 4H, –CH2–), 2.60 
(m, 12H, –CH2–N), 2.81 (t, 4H, J = 6Hz, –CH2–NH), 3.70 (dt, 12H, J = 6Hz, –CH2–
O), 7.75 (m, 4H, Ar–H), 8.76 (m, 4H, Ar–H), 8.78 (s, 2H, Ar–H) ppm. 
 
2.2.5.8. Synthesis of cis-[Ru(bipy-sil)2(NCS)2] (19) 
 
[Ru(bipy-sil)2(NCS)2] was prepared using a similar procedure as 2.2.5.6, except 
[Ru(bipy-sil)2Cl2] was used in place of [Ru(dcbipy)2Cl2].  
 
[Ru(bipy-sil)2Cl2] (60mg, 0.04mmol) was dissolved in DMF (5mL) under subdued 
light. In a separate beaker sodium thiocyanate (32mg, 0.40mmol) was dissolved in 
water (1mL), and then added to the DMF solution. The resulting mixture was refluxed 
and stirred for 6 hours under N2. The solution was cooled slowly overnight, and the 
solvent removed under vacuum. The powder was dissolved in water and the 
suspension filtered through a sintered glass crucible. The solution was cooled to 4C 
for 18 hours. The solution was allowed to warm to room temperature and within 
several hours a microcrystalline solid formed. This was filtered and subsequently 
washed with water, acetone and anhydrous diethyl ether. A dark red microcrystalline 
product was isolated in 35% yield.  
 
Chemical Equation: Scheme 5-1 
 
FTIR data: See Section 2.2.6 for a detailed discussion. 
 
IR(KBr): v = 3419 (b), 3084 (b), 2945 (b), 2070 (s), 2000 (s), 1950 (s), 1664 (s), 1555 
(s), 1470 (s), 1407 (s), 1104 (b) cm
-1
. 
 
1
H NMR (DMSO-d6, 300 MHz): δ 0.39 (m, 4H, –CH2–Si), 1.55 (m, 4H, –CH2–), 2.62 
(m, 12H, –CH2–N), 2.80 (t, 4H, J = 5.5Hz, –CH2–NH), 3.68 (m, 12H, –CH2–O), 7.78 
(m, 4H, Ar–H), 8.76 (m, 4H, Ar–H), 8.82 (s, 2H, Ar–H) ppm. 
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2.2.6. FTIR discussion for dcbipy and bipy-sil complexes 
  
The FT-IR spectra of [Ru(bipy)2(dcbipy)](PF6)2 (13), [Ru(dcbipy)2Cl2] (16) and 
[Ru(dcbipy)2(NCS)2] (17), shown in Figure 2-14, display well-resolved peaks, and the 
fundamental frequencies due to aromatic C=C (~1580 cm
-1
) and C=N (~1550 cm
-1
) 
stretches, as well as the carboxyl C=O band at ~1700 cm
-1
 (
#
) observed in the 
uncoordinated dcbipy ligand, are also seen in the coordinated ruthenium complexes. 
The FT-IR spectra of (16) and (17) are similar, which is not surprising, with the main 
difference between the two being two bands seen at 2000 and 2090 cm
-1 
(*), assigned 
to the two cis- N-coordinated thiocyanate ligands in complex (17).   
 
The FT-IR spectra of complexes [Ru(bipy)2(bipy-sil)](PF6)2 (15), [Ru(bipy-sil)2Cl2] 
(18) and [Ru(bipy-sil)2(NCS)2] (19) presented in  Figure 2-15,  all exhibit an N–H 
stretching frequency at ~3300-3450 cm
-1 
(3367 cm
-1
 for (15), 3423 cm
-1
 for (18) and 
3419 cm
-1
 for (19) (
#
)). This wide band is due to a combination of the amide N–H 
bond and the tertiary amine from the silatrane.
[111]
 The Si–O stretching frequency is 
observed in all three complexes at ~1100 cm
-1
, (1066 cm
-1
 for (15), 1116 and 1088 
cm
-1
 for (18) and 1104 cm
-1
 for (19) (^)) although a split-band is observed in (18), a 
much broader band is observed in the spectra of the other two complexes. This may 
be due to solid-state splitting, or the bands in complex (18) being better resolved. The 
spectrum of (19) exhibits three bands in the v(SC≡N) region at 1950, 2000 and 2070 
cm
-1 
(*); the bands at 2070 and 2000 cm
-1
 are comparable to the v(SC≡N) bands seen 
in the cis-[Ru(dcbipy)2(NCS)2] (17), which may mean that the band at 1950 cm
-1
 is 
due to a trans isomer of [Ru(bipy-sil)2(NCS)2].    
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Figure 2-14 FTIR spectra of complexes [Ru(bipy)2(dcbipy)](PF6)2 (13), 
[Ru(dcbipy)2Cl2] (16) and [Ru(dcbipy)(NCS)2] (17) (where * = 2000 and 2090 cm
-1 
and 
#  
= ~1700 cm
-1
). 
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Figure 2-15 FTIR spectra of complexes [Ru(bipy)2(bipy-sil)](PF6)2 (15), [Ru(bipy-
sil)2Cl2] (18) and [Ru(bipy-sil)2(NCS)2]   (19) (where 
#
 = ~3300-3450 cm
-1
, * = 1950, 
2000 and 2070 cm
-1
 and ^ = ~1100 cm
-1
).  
 
* 
# 
# 
# 
       ^ 
^ 
 ^ 
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2.2.7. Preparation of semiconductors (TiO2 and WO3) 
 
The TiO2 substrates were purchased from Dyesol: they consist of a glass substrate 
whose dimensions are 190mm x 260mm x 20mm, and have a TiO2 coated area of 
100mm x 70mm. The WO3 substrates were prepared by the School of Electrical and 
Computer Engineering at RMIT University.
[98]
 The dimensions of the glass substrates 
were 190mm x 140mm x 20mm, and had a WO3 coated area of radius 25mm.  
 
2.2.7.1. Annealing of TiO2 and WO3 substrates 
 
The glass platelets of TiO2/WO3 substrates were placed in a tube furnace open to the 
air.  The substrates were then heated slowly (2C/min) from room temperature to 
450C, and held at 450C for an hour and then cooled at a rate of 2C/min.    
 
2.2.8. Preparation of test batch solar cells (TiO2 and WO3) 
 
Dyes containing ruthenium complexes prepared in-house and possessing carboxylic or 
phosphonic linkages were coated on to the annealed semiconductor substrate by 
immersion in a 0.3mM (acetonitrile or ethanol) solution of the dye, for 24 hours. Dyes 
containing a silyl linkage were adhered to the semiconductor by immersing the oxide 
substrate in a 0.3mM DMF solution of the dye and heating (~70C) for 1 hour, in 
subdued light. In both cases a thin coloured film formed on the semiconductor, which 
was subsequently washed with ethanol and air dried.  
 
Two holes were then drilled into a second FTO-glass plate (FTO – fluorine doped tin 
oxide), the counter electrode; this was done to allow the injection of the liquid 
electrolyte.  A heat-activated gasket (Surlyn®-30), with a film thickness of 30μm was 
then placed around the dye-coated surface. The second FTO-glass plate was then 
placed on top and heated to approximately 100C. The liquid electrolyte, I–/I3
–
 was 
then injected into the cell through the pre-drilled holes, approximately 1 drop in each 
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hole. The holes were then sealed with a heat activated gasket. See Figure 2-16 for 
solar cell schematic.  
 
FTO-glass
FTO-glass with 
TiO2 coating
Two holes for 
the electrolyte
Dye (metal complex)
Gasket 
 
Figure 2-16 Schematic of DSSC 
 
2.3. Instrumental Measurements 
 
2.3.1. Fourier Transform Infrared Spectroscopy (FT-IR) 
 
Stretching and bending vibrations within a molecule show characteristic absorption 
bands in the infra-red region. An FT-IR spectrum of these absorption bands can be 
used to identify functional groups within the molecule.  
 
FT-IR absorption spectra were obtained on a Perkin Elmer Spectrum 100 
spectrometer using KBr discs. The discs were prepared by grinding the sample         
(1-2mg) and IR grade KBr (100mg, into a homogeneous powder using a mortar and 
pestle. The powder was then placed in a die press (Specac 13mm) and compacted 
under vacuum for approximately 5 minutes using 8 tonne of pressure. The spectra 
were collected using the following conditions: scan range 4000-400cm
-1
; number of 
scans 8; single beam; resolution: 4cm
-1
. 
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2.3.2. Magnetic Moments and Susceptibility 
 
The presence of unpaired electrons in a molecule gives rise to paramagnetism which 
is one of the more common forms of magnetism. Substances which do not contain 
unpaired electrons are termed diamagnetic and are repelled from a magnetic field. 
Measurements of the magnetic susceptibility () of a sample allow its magnetic 
moment to be determined. The magnetic susceptibility of a sample is a measure of the 
intensity of magnetisation in the sample compared to the strength of the field.
[114]
 (See 
theory in sections 3.3.3 and 4.3.2.2 for more detail)          
 
The superconducting quantum interference device (SQUID) magnetometer currently 
is the most sensitive instrument used for magnetic measurements. It operates by 
measuring the electrical effect on a field due to a magnetised substance as it is moved 
through a superconducting coil. The electromotive force (e.m.f) that is generated is 
proportional to the magnetic moment of the sample.
[115]
  
 
Variable-temperature magnetic susceptibilities were measured on powdered 20 mg 
samples using a Quantum Design MPMS5 SQUID magnetometer in a field of 1 T. 
Samples were contained in gel capsules that were held in the centre of a soda straw, 
and in-turn were fixed to the end of the sample rod. The instrument was calibrated 
against the accurately known susceptibilities of a standard Pd pellet (Quantum 
Design) and that of CuSO4·5H2O.  
 
2.3.3. Microanalysis for Carbon Hydrogen and Nitrogen 
 
Elemental analysis for C, H, and N, was performed by the Campbell Microanalytical 
Laboratory at the University of Otago, New Zealand. 
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2.3.4. Nuclear Magnetic Resonance (NMR) Spectroscopy  
 
NMR is a phenomenon that arises from the existence of nuclear spin. Measurements 
are obtained by immersing the sample in a strong homogenous magnetic field which 
allows the energy levels of the nucleus to split. Transitions between the levels are 
achieved by radio frequency radiation and the differences in the energy levels produce 
the resonances seen in the spectrum. An NMR spectrum allows the electronic 
environment of atoms to be assigned from the resonance frequencies. 
 
In this work, the samples were prepared using deuterated solvents: typically 20mg of 
sample was dissolved in the appropriate solvent (either D2O, CDCl3 or DMSO-d6 
(CD3)2SO) and placed in a 5mm diameter glass NMR tube. The samples were run on 
a Bruker AVANCE 300 MHz NMR spectrometer. Each sample was locked and 
shimmed for spectral optimization. Spectra were measured at a frequency of 300MHz 
for 
1
H, 75.45 MHz for 
13
C and 121.45 MHz for 
31
P. 
 
2.3.5. Single-Crystal X-Ray Diffraction (XRD) 
Single crystal XRD allows the position and nature of atoms within a crystal to be 
determined, and hence the unit cell dimensions, bond lengths and bond angles of a 
crystalline substance can be assigned.
[116]
 This process occurs when X-rays are 
directed at a single crystal, and when the geometry of the incident X-ray satisfies the 
Bragg equation, as expressed by Equation 2-1, constructive interference occurs, which 
is caused by the X-ray wavelengths being in-phase when reflected from a given 
crystal plane.  A detector collects the entire diffraction pattern of reflections. 
Equation 2-1 
 nd sin2  
(d = spacing between the planes in the atomic lattice, θ = Bragg angle, the angle 
between the incident ray and the scattering planes, n = an integer, λ = wavelength of 
incident light) 
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Single crystal data was collected and integrated using either a Bruker Smart Charge-
Coupled Device (CCD) area detector system at 130 K using Mo K radiation, or an 
Oxford dual Supernova detector system at 130 K using Mo K or Cu K radiation. 
The structures were solved by direct methods, using SHELXS-97,
[117]
 and refined 
using SHELXL-97.
[117]
 A mixed strategy was used for the refinement of hydrogen 
atoms. Hydrogen atoms attached to carbon were placed in calculated positions with a 
C–H distance of 0.93 Å, whilst hydrogen atoms attached to oxygen were located from 
difference Fourier maps, and refined without constraint. Where large amounts of 
disordered solvent were present, a process known as the SQUEEZE
[118]
 routine was 
applied which removes the disordered solvent and allows a satisfactory refinement to 
be obtained. Molecular graphics were performed using ZORTEP,
[119]
 SHELXTL
[120]
 
and Mercury
[121]
 programs.  
 
2.3.6. Ultraviolet-Visible  (UV-Vis) Spectroscopy 
 
Ultraviolet-visible spectroscopy records the amount of light absorbed by a molecule 
within the ultraviolet and visible region. The UV-vis spectra allow the λmax to be 
assigned, as well as the identification of absorption bands arising from electronic 
transitions within the molecule. The molar extinction coefficient of the molecule (ε) 
can also be calculated from the spectra using the Beer-Lambert Law, as expressed by 
Equation 2-2.  
Equation 2-2 
 
lcA    
 
 (A = absorbance, ε = molar extinction coefficient, c = concentration, l = path length)   
 
In this work, samples were prepared by dissolving 50-100 mg of sample in 25mL of  
an appropriate solvent (water, ethanol, DMF, or acetonitrile). The samples were 
measured in a 1cm path-length quartz UV cell, on a Varian Cary 50 
spectrophotometer. Spectra were obtained over the wavelength range 200-800 nm, at 
a scan rate of 60 nm/min. 
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2.3.7. Fluorescence Spectroscopy 
 
Fluorescence spectroscopy determines whether the sample has photoluminescent 
properties. The sample is excited at a specific wavelength, and if the sample is 
photoluminescent an emission spectrum will be collected.  
 
Solid-state fluorescence measurements were carried out using a Fluorolog-3 
fluorescence spectrometer from Jobin–Yvon–Horiba fitted with a 450W Xe lamp. The 
powdered samples were loaded evenly into the sample cavity of the solid sample 
holder and the fluorescence emission spectra were collected between 350 and 800 
nm,* at an angle 45 to the incident beam, using an excitation wavelength from 200-
450 nm,* and a slit width from 1-5 nm.* All spectra were collected at room 
temperature. 
* This varied with samples. 
 
2.3.8. Solar Cell Testing Unit 
 
In electrochemical measurements of cell arrangements, the current, I, is defined as the 
flow of electric charge (coulomb/sec), and in the case of DSSCs  it gives an indication 
of the efficiency of electron transfer between the dye and the semi-conductor 
substrate. The voltage, V,   is the energy carried by the charge (Joule/coulomb) and in 
DSSCs it is the difference between the Fermi level (which is the energy of the 
electrons in a semiconductor under illumination) compared to the Nernst potential of 
the electrolyte redox couple.
[2]
 
 
An indication of the efficiency of the cell to deliver useful energy can be obtained 
from the product, sjoulescoulombIcoulombjouleV /)/()/(  , which gives the 
electrical power output of the cell (1 Watt = 1J/s). This is incorporated in equation 1.3 
in the Introduction. 
 
All cells containing the metal complex “dye” were tested on a custom-made solar cell 
testing station.
[98]
 The station comprised an ABET Technologies LS-120 solar light 
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source fitted with an AM 1.5 filter, where the illumination power density was 
calibrated to 90mW/cm
2
. Voltage and current measurements were collected using a 
Keithly 2602 sourcemeter. The incident-photon-to-electron conversion efficiency 
(IPCE) measurements were conducted using a 1000W Xe lamp and a monochromator, 
according to the protocol described by Zheng et al.
[98]
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3.1.  Summary 
 
This study investigated the use of several N-heterocyclic ligands to modify the 
photonic properties of metal centres. In this chapter, the preparation of the ligand 1H-
[1,10]-phenanthrolin-2-one (HOphen) was undertaken to explore the behaviour of its 
complexes with copper. The absorption and luminescent behaviour of the copper(I) 
complex, [Cu2(Ophen)2] (1), was subsequently investigated to determine whether the 
complex could be used in solar energy capture. Complex (1) exhibited a broad peak in 
the visible region and fluorescence in the solid state, hence it appeared a promising 
candidate for use in DSSC.  
While investigating the synthesis and properties of [Cu2(Ophen)2] (1), which is a 
dinuclear complex of copper(I) with 1H-[1,10]-phenanthrolin-2-one (HOphen), two 
additional products, (2)  and (3), were isolated. Complex (2), 
([Cu(phen)2(H2O)].(NO3)2) containg Cu(II) is a polymorph of a previously described 
material, and complex (3), also containing Cu(II) is a novel dinuclear, anti-
ferromagnetic complex with the formula, [Cu2(Ophen)2(phen)2].(NO3)2.9H2O.
CHAPTER 3  
Copper 1H-[1,10]-phenanthrolin-2-one 
Coordination Complexes 
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 The observation of (2) and (3) suggests a possible variation to the proposed Gillard 
mechanism for the formation of covalent hydrates in bidentate N-heterocycles, in 
which the attacking nucleophile may be the OH
– 
ligand in the deprotonated form of 
(2), [Cu(phen)2(OH)]
+
, rather than free OH
–
. All of the compounds were prepared by 
thermal reaction at 150°C in an aqueous solution containing copper(II) nitrate and 
1,10-phenanthroline, with the pH of the solution being adjusted to approximately 8 
using 1M sodium hydroxide.                          
 
3.2. Introduction 
 
Bidentate N-heterocycles such as phenanthroline (phen) are important building blocks 
for the preparation of coordination compounds
[40, 71]
 and metallo-supramolecular 
assemblies.
[122-126]
 These materials form stable and well-defined metal-ligand 
combinations that result in predictable 3-dimensional arrangements and hence are an 
important aid in the rational design of materials with specific architectures and 
properties.  
 
In addition, N-heterocyclic ligands often confer useful photonic behaviour on metal 
centres and so this aspect was also to be explored. A further unusual property of N-
heterocycles such as bipy and phen is the fact that they have frequently been reported 
to form “covalent hydrates” (CH) as outlined in Scheme 3-1. Subsequent oxidation to 
a hydroxy-pyridine (HP) allows tautomeric conversion to the more stable 1(H)-one. 
 
To this end, recent reports of the synthesis of a novel chelating/bridging ligand, 1H-
[1,10]-phenanthrolin-2-one (HOphen),
[107]
 are particularly significant. This ligand 
tends to produce polynuclear clusters such as those observed in: [Cu2(Ophen)2] 
(1),
[107, 127]
 [Cd3Cl(Ophen)5].1.5H2O.2CH2Cl2,
[128]
 [Zn4O(Ophen)4(OAc)2].4H2O. 
2CH2Cl2,
[129]
 and [Ag2(Ophen)2],
[130]
 which offer even greater structural rigidity and 
predictability as building blocks in supramolecular chemistry.  HOphen is also of 
importance, as the free ligand is fluorescent and emits purple-blue light with an 
emission maximum at λ=401nm, and forms complexes with d10 metals,[128-129] with 
photoluminescent properties in the blue/green region, tuneable with metal type. Such 
complexes are promising as blue emitters in full-colour electroluminescent displays.  
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O
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Scheme 3-1 Formation of a covalent hydrate (CH) and hydroxy-pyridine (HP) derivatives of phen. 
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In the present work, the anion, 
–
Ophen, was considered a promising ligand which 
might coordinate to copper as either a tridentate ligand in mononuclear complexes, or 
act as a bridging ligand, to enhance the photochemical behaviour of metal centres.       
 
The most reliable source of HOphen is the synthesis first reported by Zhang et al.,
[107, 
127]
 who unexpectedly generated the ligand in-situ by reaction of a basic solution of 
copper(II) nitrate with phen under hydrothermal conditions, to produce the neutral, 
dinuclear Cu(I) compound, [Cu2(Ophen)2] (1).   The pure ligand was isolated by de-
metallation with ammonium sulphide. Since this report of the stereospecific 
hydroxylation of phen (and bipy) in the presence of copper(II) ions, there has been 
considerable conjecture regarding an appropriate mechanism for the reaction, as there 
are at least three possibilities:  
 
1. Direct nucleophilic attack on the coordinated N-heterocycle by free OH¯;  
2. Direct nucleophilic attack on the ligand by metal-co-ordinated OH¯; or  
3. An E2 elimination/addition, whereby OH¯ attack generates a pyridyne 
intermediate from the N-heterocycle followed by water addition.  
 
 
This latter mechanism is comparable to the Dow Chemical hydrothermal process for 
the industrial preparation of phenol from chlorobenzene.
[131]
 
 
 
Gillard
[132]
 and Constable
[52]
 have previously suggested that N-coordination of 
pyridine-type ligands to metal ions is analogous to quaternisation by a proton (H
+
) or 
an alkylating agent, allowing the positive charge from the metal centre to be 
delocalised over the pyridine ring, leaving the 2- and 4-carbon atoms susceptible to 
nucleophilic attack as demonstrated in Scheme 3-2.  
 
  
Chapter 3: Copper Ophen Complexes 
~ 78 ~ 
N
M
(n+)
N
M
(n-1)+
N
M
(n-1)+
N
M
(n-1)+
 
 
Scheme 3-2  A valence bond representation of a coordinated pyridine. (Apart from 
the simple e
–
 withdrawing inductive effect of the metal cation, the donor-covalent 
bond between N and M
n+
 can also be considered to form a shared covalent bond, 
effectively placing positive charge on the N-atom.  The positive charge is delocalised  
into the ring with the 2- and 4-positions developing electrophilic character, making 
them susceptible to nucleophilic attack).
[52, 127]
 
 
In aqueous media this can result in the promotion of hydroxylation of the heterocyclic 
ring and the formation of a „covalent hydrate‟ (CH) (hydration across a –C=N– bond) 
to give –C(OH)–NH which can then release a proton to form the conjugate pseudo-
base (CB) or undergo an intramolecular shift (IMS) to form the metal-hydroxy 
species (Scheme 3-3). In subsequent steps, the covalent hydrate can be aromatized by 
oxidation (-2H) giving rise to the 2- or 4- substituted hydroxy-pyridine (HP in 
Scheme 3-3), in a reaction exactly analogous to the Chichibabin  reaction in which 
sodamide (NaNH2) aminates the 2-position of pyridine by direct reaction.
[52]
  
 
At the time of Gillard‟s publication,[132] an unambiguous mechanism could not be 
proposed due to a lack of structural evidence. One suggestion was for a nucleophile 
such as OH
–
 to attach itself to the metal centre, and in the case of [M(phen)2]
2+
 form a 
five-coordinate complex (similar to the DH, IMS structure in Scheme 3-4), rather 
than bind to the N-heterocycle to form a covalent hydrate (CH).
[52, 133]
It was not until 
several decades later, when Zhang and co-workers
[107, 127-130]
 synthesized a range of 
d
10
 complexes with hydroxylated phen ligands (HOphen), that the Gillard mechanism 
(Schemes 3-3 and 3-4) was invoked as a viable rationalisation for the formation of 
such hydroxylated heterocycles.   
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Scheme 3-3 Proposed Gillard Mechanism.
[132]
 
CH = Covalent Hydrate, CB = Conjugate Base, HP = Hydroxy Pyridine, IMS = Intramolecular Shift
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       "CB"
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Scheme 3-4 Equilibria demonstrating the formation of a covalent hydrate and its conjugate base. The conjugate base can either be oxidized to the 
hydroxypyridine (HP) species, or it may undergo an intramolecular shift of the hydroxyl group to form the metal hydroxy species (ML(OH
–
)
n+
) (IMS/DH). 
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In this present study, two further compounds that were observed during the 
hydrothermal reaction have been isolated and characterised. This has allowed an 
alternative mechanism for the reaction to be proposed.  
 
3.3.  Results and Discussion 
 
3.3.1.  Structural Characterisation of Compounds (1), (2) and (3). 
 
The hydrothermal reaction between copper(II) nitrate and phenanthroline under 
slightly basic conditions yielded products (1), (2) and (3), as outlined in Scheme 3-5: 
   
N N
+ Cu(NO3)2
pH8.5
pH9
N
N N
N
O
O
Cu
+
Cu
+
(1) N
N
N
N
O
O
Cu
2+
Cu
2+
(3)
N
N
N
N
2 NO3
N
N N
N
Cu
2+
OH2
2 NO3
(2)
++
(1)
 
Scheme 3-5 Overall reaction for the formation of compounds (1), (2) and (3) 
 
Preparation of the desired dinuclear copper(I) complex (1) via the method published 
by Zhang and co-workers
[107]
 was generally successful, with blue-black, block-like 
crystals of [Cu
(I)
2(Ophen)2] (1) isolated from an emerald-green supernatant in 35-45% 
yield. As mentioned earlier, product (1) has been identified previously by Zhang and 
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co-workers, 
[107]
 where three polymorphs (α, β, and γ) were isolated. Two (α, and β) 
contained copper centres in identical environments and the other (γ) had two different 
copper environments. 
 
 
The elemental analysis of [Cu2(Ophen)2] (1)  presented in Table 3-1 suggests a Cu : 
Ophen ratio of 1:1, which is in agreement with the empirical formula.   
 
Table 3-1 Elemental Analysis of (1) 
 
Complex  % C % H % N 
Cu2(C12H7N2O)2 
C24H14N4O2Cu2 
(Mr=517.47g/mol) 
Found 55.63 2.65 10.78 
Calc 55.70 2.73 10.83 
 
 
Repeat attempts of this synthesis were found to be extremely pH dependent. To this 
end, the pH was varied from 7–14 to determine the optimal reaction conditions. At 
lower pH (7–8) it was observed that [Cu(phen)2(H2O)]
2+
 (2) was formed rather than 
the Ophen
–
 analogue. This was not surprising as [Cu(phen)2(H2O)]
2+
 readily forms 
without pH manipulation. Yields, however, did vary, with pH 7 giving greater yields 
of [Cu(phen)2(H2O)]
2+
  than  pH 8. The pH reported by Zhang
[107]
 was 8–8.5, however 
at this pH  no hydroxylated phen species were isolated, suggesting that it may require 
increasing the pH further to promote hydroxylation. This was found to be the case, 
because at pH 9, slightly higher that initially reported by Zhang, 
[107]
  the desired 
hydroxylated phen species was isolated.  Increasing the pH further was unsuccessful 
as at pH values greater than 10, the conditions were far too basic. At pH 10, the 
starting solution (i.e. before hydrothermal reaction) was similar to that observed in a 
pH 7–9 solution, whereby a light-blue opaque solution formed upon addition of the 
sodium hydroxide, but no copper complexes were isolated. At pH values greater than 
11 the starting solution was dark blue and opaque, and once again no copper 
complexes were isolated. These observations suggested that the optimal pH value to 
ensure phen hydroxylation and subsequent deprotonation of the HOphen in good 
yield, was pH 9, which is in accord with the expected weak acid behaviour of 
HOphen (Scheme 3-6). HOphen contains the weakly acidic phenol group (pKa ≈ 10) 
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and would have acid dissociation constants similar to the related model compound, 8–
hydroxyquinoline which has pKa values of  4.85 (NH
+
) and 9.95(OH).
[134]
 
 
N HN N N N N
OH OH O
H2Ophen
in acid
HOphen Ophen
in alkali (base)
 
Scheme 3-6 Deprotonation equilibria for HOphen. 
 
In addition to varying the pH, the effect of varying the mole ratio of copper(II) nitrate 
to phenanthroline was also studied. Phenanthroline in a slight excess was found to 
produce the highest yield of [Cu2(Ophen)2] (1), see Table 3-2.  
 
Table 3-2 Molar ratios of Cu(NO3)2 to phenanthroline and their corresponding yields 
of [Cu2(Ophen)2] 
 
Molar Ratio 
Cu(NO3)2 : phen 
Yield(%) 
1:1 35 
1:1.5 45 
1:2 35 
1:3 30 
 
In work by Zheng and co-workers,
[128, 130]
 the free HOphen ligand was isolated via a 
demetallation reaction with ammonium sulphide. In the present work, 
[Cu
(I)
2(Ophen)2] (1) (400mg) in methanol was treated in a similar manner until the 
precipitation of black CuS ceased. The solution was filtered and the mother liquor 
allowed to stand, whereby a yellow precipitate of HOphen formed (~50mg) after two 
weeks, which was characterised by FTIR, see Figure 3-1.  
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Figure 3-1 FTIR spectra of HOphen ligand, [Cu2(Ophen)2] (1), [Cu(phen)2(H2O)]
2+
 
(2)  and [Cu2(Ophen)2(phen)2]
2+
 (3), (where 
# 
= ~3500 cm
-1
 and * = 1600 cm
-1
). 
# 
* 
# 
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In preliminary studies aimed at preparing (1), a series of ambient pressure and 
variable temperature experiments, including reflux, and reflux under N2, were 
attempted, but with little success. In all cases [Cu
(II)
(phen)2(H2O)](NO3)2 (2) was 
isolated, clearly indicating that elevated temperature and pressure conditions were 
required for the formation of hydroxylated ligand species. Hence, all the complexes 
reported in this section were prepared by hydrothermal autoclave synthesis.  
Products (2) and (3) were isolated as light-green and emerald-green crystals in 20–
25% and 3–5% yield respectively from an emerald green supernatant. Their presence 
indicates that they may be intermediates in the Gillard mechanism.
[132]
 The colours of 
the materials isolated in these reactions suggested that copper was present in the +1 
state in (1) and the +2 state in (2) and (3).  
 
The FT-IR spectra of (1), (2) and (3) shown in Figure 3-1 display well resolved peaks 
due to the ligands, and the fundamental frequencies due to aromatic C=C and C=N 
stretches observed in the uncoordinated phenanthroline ligand are also seen in the 
coordinated Ophen and phen copper complexes. The FTIR spectra are quite similar 
with only minor differences observed between (1) and (2), with the coordinated water 
in (2) exhibiting a strong δ (H–O–H) band at 1600 cm–1 (*), and a broad (H–O) 
stretching band at ~3500 cm
–1
 (
#
) in (2) and (3).  
 
The compositions of (2) and (3) were confirmed by single crystal x-ray diffraction, 
which also provided unambiguous structural characterisation of each compound.  
 
The structure of [Cu
(II)
(phen)2(H2O)](NO3)2 (2) has been previously determined by 
Nakai and Deguchi (1975),
[135]
 and by Catalan et al. (1995),
[136]
with R-factors of 
11.8% (293K) and 4.2% (293K) respectively. The structure was re-determined here 
with an R-factor of 2.67% (130K).    
 
The crystals of (2) exhibit monoclinic, C2/c symmetry. The asymmetric unit consists 
of half the metal complex and one nitrate anion giving the empirical formula 
[Cu0.5(C12H8N2)(H1O0.5)]N1O1.50. Each copper atom has distorted trigonal bipyramidal 
geometry, coordinating four nitrogens from two phen ligands (Cu–N = 1.996–2.059 
Å), and an oxygen from a water molecule (Cu–O = 2.051Å), with the 2+ charge 
  
Chapter 3: Copper Ophen Complexes 
~ 86 ~ 
counter-balanced by two nitrate anions. Thus the molecular unit of (2) has 
composition: [Cu(phen)2(H2O)].(NO3)2 (Figures 3-2 and 3-3). One nitrogen from each 
phen ligand coordinates to the copper in the axial positions, with a Cu–N distance of 
1.996 (2) Å, while the other nitrogens and oxygen occupy the equatorial positions, 
with a Cu–N distance of 2.059(2) Å and Cu–O distance of 2.051(3) Å.  
 
 
Figure 3-2 ORTEP Diagram of the asymmetric unit of [Cu(phen)2(H2O)]
2+
 (NO3
–
)2 
(2). 
 
In the crystal lattice, the complex exists as zigzag ribbons of alternating 
[Cu(phen)2(H2O)]
2+
 cations which are held together by a network of hydrogen bonds 
and Offset-Face-to-Face (OFF) π- π interactions that run along the c-axis. This type of 
π- π interaction  is characteristic of phen in M(phen)n complexes, and Dance et al. 
[137]
 
noted that OFF π- π interactions occur more frequently than edge-to-face (EF) 
interactions. The OFF interactions between the N1N2 phen rings are perfectly parallel 
and each phen is engaged in OFF π- π interactions with two phen ligands from two 
neighbouring molecular units. The interplanar distances of the OFF interactions are 
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3.259Å and 3.338Å, which is in accordance with the values of similar interactions 
observed by Dance et al.
[137]
 The copper cations are associated with the nitrate anions 
through H-bonds (2.664–3.049Å) (Figure 3-3). H-bonds also occur between the 
methine CH of the phen rings and the coordinated water molecule. 
 
Figure 3-3 Molecular unit of (2) showing H-bonding interaction between coordinated 
water and counter-balancing nitrate anions. 
 
Compound (2) is in fact a polymorph of the Nakai (CCDC code APENCU)
[135]
 and 
Catalan (CCDC code APENCU01)
[136]
 structures, and both possess very similar unit-
cell dimensions as seen in Table 3-3.  
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Table 3-3 Summary of single crystal xrd data for compounds (2), (3) APENCU
[135]
 
and APENCU01.
[136]
 
 (2) APENCU
[135] 
APENCU01
[136] 
(3) 
Empirical 
formula 
C24 H18 Cu N6 O7 C24 H18 Cu N6 O7 C24 H18 Cu N6 O7 
C48 H39 Cu2   
N10 O17 
Molecular 
weight 
565.98 566.0 566.0 1154.97 
Crystal Class monoclinic monoclinic monoclinic triclinic 
Space Group C2/c C2/c Cc P-1 
a, Å 19.375(5) 22.58(2) 22.640(5) 14.063(5) 
b, Å 7.469(5) 7.23(1) 7.254(2) 14.257(5) 
c, Å 15.775(5) 16.59(2) 16.604(3) 15.012(5) 
α, (°) 90.000(5) 90 90 114.293(5) 
β, (°) 100.782(5) 123.6(1) 123.76(2) 95.803(5) 
γ, (°) 90.000(5) 90 90 111.651(5) 
V, Å
 3 2242.5(18) 2256 2267.08 2433.5(15) 
Z 4 4 4 2 
Crystal 
description 
Slab, green 
 Blue, elongated 
prisms 
Green, block 
T/K 130(2)  298 130(2) 
λ (Mo-Kα)/Å  0.71073   0.71073 
Number of 
reflections 
5686 
 
2929 2604 
Size(mm) 0.150.40.45  0.90.450.12 0.20.30.4 
R1[F
2
>2σ (F2)] 0.0267 0.118 0.0424 0.0698 
wR[F
2
] 0.0776  0.0588 0.1889 
S 1.064  0.63 1.006 
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The difference between the unit cell ‘a’ dimension and the β angle for compound (2) 
compared to the previous structures calls for comment. Compound (2) can transform 
to the alternative monoclinic space group setting, I2/a with similar dimensions to the 
earlier structures (a and c change as a result of this transformation, but b stays the 
same).  However that would require the earlier structures to be incorrectly reported as 
C2/c (Cc) when they should be I2/a (Ia).  Also the transformation does not affect the 
b-axis, and in (2) the b dimension is 7.469Å whereas the corresponding values in the 
previously reported structures are 7.23Å (APENCU) and 7.25Å (APENCU01) and 
therefore significantly different (Figure 3-4). Nevertheless, the overall unit cell 
volume is essentially the same for all three polymorphs and indicates that subtle 
changes in molecular packing can accommodate the change in angle and unit cell 
dimensions. 
 
The bond lengths and angles observed for APENCU and APENCU01 are quite 
similar, but differ from those in (2), which is summarised in Table 3-4. The Cu–O 
distance in (2) is 2.052 Å   compared to the APENCU and APENCU01 distances of 
2.181 Å and 2.189 Å, respectively. This can also been seen by comparing the angles 
of the phen planes in the complex with APENCU and APENCU01 which are 40.57° 
and 40.59° respectively, whilst (2) is 54.97°. The equatorial N–Cu–N angle also 
increased substantially, with the angle observed in (2) being 124.58° and the 
corresponding angle for APENCU and APENCU01 being 139.60° and 139.65° 
respectively. The large difference between the bond lengths and angles has been 
observed previously in work done by Hathaway et al.
[138]
 with two 
[Cu(phen)2(H2O)](Y)2 complexes (where Y= CF3SO3
–
 or ClO4
–
). Hathaway found 
that elongation of the Cu–O distance increased the angles between the phen planes 
and the equatorial N–Cu–N angle, and assigned different stereochemistries to the two 
complexes. The complex with shorter Cu–O distance and smaller equatorial N–Cu–N 
angles was best described as a regular trigonal bipyramid (RTB) and the other as a 
square-based pyramid distorted trigonal bipyramid (SBPDTB), with distortion from 
the former suggested to occur because of vibronic coupling.
[138]
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a) 
 
 
 
b) 
 
 
Figure 3-4 Packing of a) APENCU,
[135]
 and b) complex (2), viewed along b-axis. 
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Table 3-4 Significant bond lengths and bond angles for compounds (2), 
APENCU
[135]
  and APENCU01.
[136]
  
 (2) APENCU
[135]
 APENCU01
[136]
 
 (Å) (°) (Å) (°) (Å) (°) 
Cu1 – O1 2.052(3)  2.181(3)  2.189(4)  
Cu1–N1 2.058(16)  1.994(2)    
Cu1–N2 1.996(17)  2.031(3)  1.980(5)  
Cu1–N3     2.010(5)  
Cu1–N4     2.018(5)  
Cu1–N5     2.037(4)  
N1–Cu–O1  117.74(5)  85.49   
N2–Cu–O1  89.32(4)  110.20   
N1–Cu–N2 
bite 
 81.95(6)  83.00   
N1–Cu–N2'  98.70(6)  100.15   
N1–Cu–N1'  124.53(9)  170.97   
N2–Cu–N2'  178.63(8)  139.60   
N2–Cu–N3      82.1(2) 
N2–Cu–N4      172.2(2) 
N2–Cu–N5      99.1(2) 
N3–Cu–N4      101.5(2) 
N3–Cu–N5      139.6(2) 
N4–Cu–N5      82.7(2) 
N2–Cu–O1      84.9(3) 
N3–Cu–O1      113.0(3) 
N4–Cu–O1      87.4(3) 
N5–Cu–O4      107.2(3) 
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The crystals of (3) exhibit triclinic, P-1, symmetry and contain the novel compound 
[Cu
(II)
2(Ophen)2(phen)2](NO3)2. The asymmetric unit, and, in this case the molecular 
unit, consists of a hetero-ligand dinuclear copper(II) complex of formula 
[Cu2(Ophen)2 (phen)2].(NO3)2.9H2O (Figure 3-5), with two of these units per unit cell. 
The unit cell dimensions are a = 14.063 (5) Å,   b = 14.258 (5) Å and c = 15.012 (5) 
Å. The two copper centres are crystallographically independent of one another, they 
are both five-coordinate and have trigonal-bipyramidal coordination with the Cu2 
dimeric unit bridged via two deprotonated phenolic hydroxy groups, one on each 
–
Ophen ligand. The latter, together with two nitrate anions, counter-balance the charge 
of the two copper(II) ions.  The voids in the global packing of (3) contain two nitrate 
anions and nine water molecules; however the water molecules and nitrate ions were 
found to be statically and dynamically disordered, therefore they were removed via 
the SQUEEZE routine.
[118]
 Without the removal of these species the R-factor would 
be considerably higher and a successful structure determination may not have been 
possible, hence it enables refinement and good-quality data to be used.  
    
Each copper(II) ion is coordinated by two N atoms from a phen ligand (Cu–N = 1.992 
– 2.068Å), two N atoms from an –Ophen ligand (Cu–N = 1.965–2.170Å) and one 
oxygen (Cu–O = 1.976–1.980Å) from a deprotonated phenolic hydroxy (phenoxy) 
group on the neighbouring 
–
Ophen ligand, hence forming an –N=C–O– bridge 
between the two copper centres, supported by an OFF π-π interaction between the two 
co-ordinated phen groups (Figure 3-5). The close proximity of the two metal centres, 
with a Cu
2+ – Cu2+ non-bonding distance of 3.102Å, is short enough to suggest the 
possibility of a magnetic interaction between the two unpaired electrons on the Cu2 
unit.  
 
The Cu–N distances for the –Ophen ligands are considerably different (Cu–N = 
1.965–2.170Å), with the shorter distance being observed on the nitrogen adjacent to 
the coordinating  hydroxy group. The axial positions on Cu1 are occupied by N2 (
–
Ophen) and N4 (phen) and on Cu2 are occupied by N5 (phen) and N7 (
–
Ophen). 
Siginifcant bond lengths and bond angles are summarized in Table 3-5.        
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Figure 3-5 ORTEP Diagram of the asymmetric unit of 
[Cu
(II)
2(phen)2(Ophen)2](NO3)2 (3) (post application of SQUEEZE
[118]
 routine to 
remove disordered water and nitrate anions). 
 
In the crystal lattice this novel complex exists as layers of dinuclear copper complexes 
separated by layers of disordered water molecules and disordered nitrate anions, 
which are held together by a network of hydrogen bonds and OFF π- π interactions, 
which run along the c-axis as shown in Figure 3-6. 
 
In the discrete Cu2 dimeric unit an intramolecular OFF interaction occurs between the 
N3N4 and N5N6 coordinated phen rings which deviates from planarity by 6.65, with 
a closest approach of 3.279Å between N4 and N6 (Figures 3-5, 3-6 and 3-7).  In the 
crystal packing, intermolecular OFF interactions occur between the 
–
Ophen N1N2 
ring, and between the phen N5N6 rings and between the 
–
Ophen
  
N7N8 rings. All 
interactions are between perfectly parallel aromatic rings with interplanar distances of 
3.551Å, 3.361Å and 3.282Å respectively. The cationic copper dimers are also 
associated with water molecules, through H-bonding (2.790–3.210Å) between the O 
atoms on the 
–
Ophen ligands and water, and between the methine CH groups of the 
N3N4 phen rings and the nitrate anions.    
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Table 3-5 Significant bond lengths and bond angles for compound (3)        
[Cu
(II)
2(phen)2 (Ophen)2] (NO3)2. 
 
 (3) 
 (Å)  (°) 
Cu1–O2 1.978(3) N1–Cu2–O1 100.90(14) 
Cu2–O1 1.977(3) N2–Cu2–O1 94.85(16) 
Cu2–N1 2.165(4) N3–Cu2–O1 156.42(15) 
Cu2–N2 1.968(4) N4–Cu2–O1 91.08(16) 
Cu2–N3 2.071(4) N5–Cu1–O2 90.30(15) 
Cu2–N4 1.992(4) N6–Cu1–O2 153.99(15) 
Cu1–N5 1.999(4) N7–Cu1–O2 97.77(16) 
Cu1–N6 2.068(4) N8–Cu1–O2 104.08(15) 
Cu1–N7 1.970(4) C25–O1–Cu2 133.9(3) 
Cu1–N8 2.168(4) C22–O2–Cu1 135.3(3) 
O1–C25 1.299(6) N1–Cu2–N2 bite 81.83(17) 
O2–C22 1.292(6) N3–Cu2–N4 bite 81.32(16) 
  N5–Cu1–N6 bite 81.07(16) 
  N7–Cu1–N8 bite 81.44(16) 
  N1–Cu2–N4 95.19(17) 
  N2–Cu2–N3 93.91(16) 
  N2–Cu2–N4 173.77(17) 
  N5–Cu1–N7 171.73(16) 
  N5–Cu1–N8 94.89(16) 
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Figure 3-6 Packing of (3) [Cu
(II)
2(phen)2(Ophen)2](NO3)2 viewed along c-axis. 
 
 
 
Figure 3-7 Intramolecular OFF - interaction in cation of complex (3)     
[Cu
(II)
2(phen)2 (Ophen)2]  
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3.3.2.  UV-Visible and Fluorescence Spectroscopic Properties 
 
The UV-visble absorption spectra of complexes (1), (2) and (3) in either a DMF or 
water solution are shown in Figure 3-8.  The black crystals of complex (1), 
[Cu
(I)
2(Ophen)2]  gave a dark red solution when dissolved in DMF, and a broad 
absorption band was observed from 400–500nm with a λmax at 445nm. This is 
indicative of a dark red copper(I) complex, with an absorption band shift into the blue 
region.      
 
Generally the majority of copper(II) complexes are blue or green in visible light as a 
result of the selective absorption of energy in the 600–900nm region of the 
electromagnetic spectrum.
[41]
 This is the case in both complex (2), 
[Cu
(II)
(phen)2(H2O)] and (3) [Cu
(II)
2(Ophen)2(phen)2]; with (2) showing a broad band 
from 500 to 730nm, with a λmax at 640nm, and (3) showing a broad band from 560 to 
730nm, with a λmax at 660nm. 
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Figure 3-8 UV-Vis of complexes (1), (2) and (3). 
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Chen
[107]
 performed photoluminescent studies on complex (1) in solution, but no 
luminescence was observed, indicating that the luminescence of complex (1) appears 
to be quenched when in solution. 
 
In the present work, complex (1) exhibited luminescence in the solid-state when it 
was excited at 252nm, producing an emission band at 370 to 455nm with λmax at 
410nm (Figure 3-9), which is suggested to arise from an 
–
Ophen
 
ligand-centred ππ* 
transition.
[40]
 Copper(I) complexes do not exhibit d-d transitions, due to the full d
10
 
orbital manifold, hence its complexes are generally colourless, but ligand-to-metal 
charge transfer (LMCT) and metal-to-ligand charge transfer (MLCT) often leads to a 
red or orange coloured complex being observed due to a shift of the UV absorbance 
into the blue, see Figure 1-11.
[41]
 Weak MLCT was observed when the solid was 
excited at 422nm, with a λmax 480nm (Figure 3-10). Longer excitation wavelengths 
shift the emission further into the red region, together with a significant reduction in 
intensity, as seen when comparing Figures 3-9 and 3-10, where complex (1) was 
excited at 252nm and 422nm respectively.  
 
It has been observed that the luminescence of copper(II) complexes is often quenched 
by the paramagnetic metal centre. This was found to be the case with complexes (2) 
and (3), which exhibited no luminescent behaviour. As all of these copper complexes 
lacked fluorescent behaviour in solution, they were not considered for use in DSSC‟s, 
and their study was discontinued. However, further studies were conducted on metal 
complexes using different ligands.  
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Figure 3-9 Photoluminescence spectrum of complex (1) (Solid-State). Excitation 
wavelength at 252nm. (CPS- Counts per Second) 
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Figure 3-10 Photoluminescence spectrum of complex (1) (Solid-State). Excitation 
wavelength at 422nm (Note that this is 1% of the emission intensity when excited at 
252nm, Figure 3-9). 
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3.3.3.  Magnetic measurements  
 
When a substance is placed in a magnetic field, the magnetic field intensity within the 
substance can either be lesser or greater than the intensity of the applied field. If the 
effective field is lower in the material, the substance is known as a diamagnetic 
species, and if it is greater within the material then it is termed paramagnetic.
[114]
 The 
magnetisation (M) and susceptibility () in diamagnetic samples are both negative, 
and consequently the sample is repelled weakly by the magnetic source. The net 
number of free electron spins in the sample is also zero due to all the electrons being 
paired. On the other hand, in paramagnetic samples unpaired electrons are present, M 
and  are both positive and the sum of the magnetic dipoles causes the sample to be  
attracted to the magnetic source.
[115]
 At low temperatures, thermal randomisation is 
minimized and spontaneous magnetic ordering of the dipoles can occur. If the dipoles 
are anti-parallel to one another and this is repeated throughout the sample it leads to 
anti-ferromagnetic behaviour, see Figures 3-11 and 3-12, although this can give way 
to paramagnetism as the temperature is raised due to thermal disruption of the 
ordering. 
 
If strong coupling occurs, antiferromagnetic behaviour is observed and the 
susceptibility (and magnetic moment, µ) decreases as the temperature is lowered. If 
the dipoles align parallel then ferromagnetic behaviour is observed. Ferromagnetic 
ordering is less common compared to anti-ferromagnetic ordering, but the 
susceptibility of such samples can be up to eight orders of magnitude higher than 
similar paramagnetic species.
[115]
 In the Cu
II–CuII dimers, (3), observed here, the 
magnetic behaviour depends largely on the coupling (J) of the two single electron 
wavefunctions  (S1) and  (S2) present in the dimer, as shown schematically in 
Figure 3-12b. Where weak coupling is present, an essentially paramagnetic system is 
observed, which may exhibit some ferromagnetic behaviour as a result of magnetic 
dipole coupling in the bulk crystal. Table 3-6 summarises the essential characteristics 
of each type of magnetic behaviour. 
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Figure 3-11 Magnetic Susceptibility () versus Temperature (T) plot for various 
types of magnetic behaviour.
[139] 
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J
 
Figure 3-12 a) Magnetic ordering in ferromagnetic and anti-ferromagnetic solids and 
b) Coupling of the two single electrons in a Cu2 dimeric unit = J.S1S2                         
(See Equation 3-3)( J = exchange integral).
[115]
 
 
Table 3-6  The molar susceptibility of various types of magnetic behaviour at ambient 
temperatures.
[115]
  
 
Magnetic behaviour 
Molar 
Susceptibility 
Magnitude (α) 
Dependence on 
temperature 
Dependence on an 
applied field 
Diamagnetism –10–3   
Paramagnetism 1   
Anti-ferromagnetism ≤0.1   
Ferromagnetism 10
7   
 
 
 
 
a) 
b) 
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Compound (3) [Cu
(II)
2(Ophen)2(phen)2](NO3)2 was found to be paramagnetic with an 
isotropic g-factor (g = 2.10) indicating that the signal originates from copper(II) 
centres.  The effective magnetic moment was found to be 1.74µB  (µB = Bohr 
magneton, the unit of magnetic moment) per Cu ion at ambient temperature, as 
expected for non-interacting spin-free Cu(II) d
9
 ions calculated according to Equation  
3-1.
[41]
 
Equation 3-1 
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The M  versus T plot (Figure 3-13) shows that the compound obeys the Curie-Weiss 
law (Figure 3-11 and Equation 3-2) in the temperature range 80 to 310K: 
 
Equation 3-2 
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However, at lower temperatures spin-pairing between the electrons on adjacent Cu(II) 
ions occurs as expected by Equation 3-3.  
 
Equation 3-3 The modified Bleaney-Bowers relationship
[115, 140]
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  = magnetic susceptibility 
N  = Avogadro‟s number 
g  = spectroscopic splitting factor 
  = the Bohr magneton 
K  = Boltzman constant 
T  = temperature 
J  = the exchange integral 
P  = the mole fraction of paramagnetic impurity 
N  = the temperature independent    
            paramagnetism
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In the present case,  J = – 44 cm–1 for complex (3), giving rise to typical „copper 
acetate‟  anti-ferromagnetic behaviour (J = – 295 cm–1 for copper-acetate)[115] for (3). 
The lower exchange coupling for the present compound is consistent with the fact that 
the two Cu
2+
 centres are further apart (3.10 Å) than in the copper acetate–type 
derivatives (2.44 – 2.81 Å).   In addition, in compound (3) the two Cu2+ centres are 
bridged by only two N=C–O¯ groups supported by one OFF π-π interaction, whereas 
in copper acetate, the two Cu
2+
 centres are bridged by four O=C–O–, providing a more 
rigid framework with greater opportunity for super-exchange coupling between the 
adjacent Cu(dx2–y2) orbitals and the p-π orbitals on the bridging moieties. 
[115]
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Figure 3-13  Plot of the molar susceptibility versus temperature (per 1Cu centre)     
for (3).             
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Figure 3-14 The product χMT, which is proportional to µeff , versus temperature (per 1 
Cu centre) for (3). 
 
 
The plot of molar susceptibility (m) per Cu(II) versus temperature (Figure 3-13)  also 
displays a maximum at ~60K which is indicative of weak to medium strength 
antiferromagnetic coupling occurring between the Cu(II) ions in the dinuclear 
complex (see Figure 3-11). The rapid increase seen below 10K is due to traces of 
monomer impurity in the sample. Calculations based on the magnetic data indicate 
there is a 9% monomer impurity in the Cu-dimer sample which is very common, this 
occurs because the ligand can also form a monomeric complex with paramagnetic 
behaviour. Monomer impurities of this type tend to have a dominant effect on 
antiferromagnetic exchange,
[141]
 and the result does not mean that there is 9% 
impurity in the sample.  
 
The rapid increase at low temperature also shows Curie dependence (Figure 3-11), 
which is a common observation in the purest dinuclear copper compounds.  The 
corresponding plot of mT which is proportional to the magnetic moment, µeff (see 
Equation 3-2) per Cu(II) versus temperature (Figure 3-14), has a value of 0.38 
cm
3
mol
–1
K at 300K (equivalent to a µeff = 1.74µB) which decreases gradually at first, 
then quite rapidly to reach ~0.03 cm
3
 mol
–1
 K at 2K (equivalent to a µeff ~ 0.49µB) 
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clearly illustrating the anti-ferromagnetic behaviour of (3). The data fitted well to a     
S = ½ dimer model
[140, 142]
 (See Equation 3-3)  with  best-fit parameters: 
 
 g = 2.09  
 J = – 44.2 cm–1 
 Nα (temperature independent susceptibility, per Cu) = 65 x 10–6 cm3 mol–1 
 Fraction monomer 0.09 
 
The negative J value indicates an anti-ferromagnetic interaction in (3) which causes 
both χ and µeff to decrease as the temperature is lowered, as seen in Figures 3-13 and 
3-14. 
 
 
Currently, applications of antiferromagnetic materials are quite limited and are 
generally restricted to use in data-storage systems and sensing.
[114-115, 143-144]
 However, 
with the current surge in research into these materials the future may unveil more 
diverse applications.
[143]
    
 
3.3.4. Mechanistic Considerations of the Hydroxylation reaction 
 
Since Gillard
[132]
 first reported the formation of „covalent hydrates‟ by coordinated 
phen and bipy there has been considerable emphasis on obtaining structural evidence 
to support this claim and clarify the reaction mechanism. Gillard proposed that the 
free hydroxide ion attacks the 2- or 4-position of the coordinated pyridine to form a 
hydroxy-substituted 1,2- or 1,4-dihydropyridine (Schemes 3-2 and 3-3). Nucleophilic 
attack at these locations can also be seen on the basis of the charge density calculation 
in the free pyridine ligand (Figure 3-15),
[52]
 and the reduction in the total charge 
density suggests that the pyridine molecule is likely to undergo nucleophilic attack. 
The formation of the hydroxyl species is suggested to provide an explanation for the 
observed pH dependence of a variety of reactions undergone by complexes of N-
heterocycles.  
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Figure 3-15 ζ, π, and overall charge densities in the pyridine molecule [52] 
 
Gillard suggested that with metal cations, pyridine-like ligands could form a 4 - or 6 - 
coordinate (depending on the metal centre) complex, and, on the basis of the valence-
bond structures in Schemes 3-2 and 3-3, nucleophilic attack at the 2 or 4-position of 
the pyridine ring would be enhanced. However, during the course of  the reaction, the 
site of addition of the nucleophile to the metal-pyridine complex may initially be at 
the metal, and not at the ligand
[52]
 (see DH, IMS in Scheme 3-4).   In other words, the 
first step in the mechanism may be the generation of a bound OH
¯ 
on the metal by 
either base assisted deprotonation of bound water, or the hydroxide ligand co-
ordinating directly to the metal ion, instead of covalently-attaching to the pyridine 
ring. It is of course very difficult to distinguish between these two processes on the 
basis of kinetic or simple spectroscopic data, unless intermediates are isolated and 
characterised structurally.  
 
The present work appears to have isolated such intermediates in the reaction of phen 
with Cu
2+
 under mildly alkaline hydrothermal conditions. Since it is known that 
hydrothermal reactions tend to follow a non-equilibrium course and slight changes in 
pH, temperature, time and reactant ratios can have an extreme effect on the outcome 
of the reaction, they provide conditions which allow the synthesis of compounds that 
cannot be achieved via bench-type reactions. 
 
The observation of significant yields of (2), [Cu
(II)
(phen)2(H2O)](NO3)2,  is not 
surprising since this compound has been reported to form readily by reaction of 
copper(II) nitrate with phen in aqueous solution, even without pH adjustment.
[135-136]
 
It therefore appears that the first stage of the hydroxylation process may involve 
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deprotonation of the coordinated water molecule on (2) to form a Cu
2+ – OH¯ species 
(DH, IMS in Scheme 3-4).  This step could then be followed by either an intra- or 
inter-molecular nucleophilic attack at the 2-position of a co-ordinated phen ligand to 
give the CB or CH, depending on pH, as illustrated in Scheme 3-4. It is agreed that 
„covalent hydrates‟ are formed during this reaction, but that they may form through an 
alternative route to that favoured by Gillard,
[132]
 whereby, prior to nucleophilic attack 
on the 2-carbon, a five-coordinate complex in which the hydroxide is coordinated to 
the metal centre is formed, (see Scheme 3-7a for the intra-molecular reaction, and 
Scheme 3-7b for the inter-molecular mechanism).  
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Scheme 3-7a Proposed Mechanism – Intramolecular Shift  
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Scheme 3.7b Proposed Mechanism – Intermolecular Shift 
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Coordination of Cu
2+
 to the phen activates the ring towards attack by a nucleophile, 
and in the proposed mechanism it is the OH
¯
 of the Cu
2+–OH– moiety. Such a 
suggestion is attractive, because simultaneous binding of phen and OH
–
 to the same 
metal centre confers a kinetic advantage for the reaction by bringing the reactants into 
close proximity.  If the attached OH
–
 reacts via an intra-molecular process attacking 
at the 2-carbon of the phen ligand (Scheme 3-7a), it will produce the monomeric (CB 
or CH, Scheme 3-4) hydroxylated species.   This can then be oxidised by either an 
external oxidant such as oxygen, to give a Cu(II) product, or undergo an internal 
electron transfer to give a Cu(I) product. Dimerisation of the Cu(II) intermediate 
yields (3), whereas dimerisation and loss of one phen ligand gives (1).   Reaction via 
an inter-molecular process proceeds in a similar fashion (Scheme 3-7b), but gives rise 
to a dimeric species containing two hydroxylated phen’s.   Again oxidation by oxygen 
yields the Cu(II) compound (3), whereas oxidation by internal electron transfer leads 
to ligand (phen) release and the formation of the Cu(I) compound (1). Thus, the 
proposed mechanism provides a rationale for all the products observed in the 
hydrothermal reaction. 
 
3.4.  Conclusion 
 
During studies of the reaction of phen with copper nitrate under mildly alkaline 
hydrothermal conditions, several intermediate products were isolated. These included 
the expected, and previously reported, neutral Cu(I) homo-dimer [Cu
(I)
2(Ophen)2] 
(1),
[145]
 and the Cu(II) complex, [Cu
(II)
(phen)2(H2O)](NO3)2  (2)
 [135-136]
 together with a 
novel dinuclear heteroleptic copper(II) complex, [Cu
(II)
2(Ophen)2(phen)2](NO3)2. 
9H2O (3).  
 
Compound (2) is a polymorph of a previously reported material, and following 
deprotonation of the coordinated water to produce a Cu
2+ – OH¯ species (DH, IMS, 
Scheme 3-4), may be a key intermediate in the production of (3) and (1), since it is 
always the primary species formed in an aqueous mixture of Cu
2+
 and phen under a 
variety of conditions.
[135-136]
 Thus, an alternative mechanism leading to the formation 
of „covalent hydrates‟ in the hydroxylation of N-heterocycles may be suggested in 
which the nucleophile that attacks at the 2-carbon of the phen ligand in the formation 
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of (3) and (1) is not free OH
¯
, but rather the OH
¯
 coordinated to Cu(II) (The DH, IMS 
in Schemes 3-4, 3-7a and 3-7b). Nucleophilic attack is then accompanied by aerial 
oxidation to give the hetero-ligand Cu(II) dimer (3).   The Cu(I) dimer may be formed 
in a similar fashion, but via an internal electron transfer concomitant with ligand 
release, giving the Cu(I) product.  
 
Magnetic susceptibility studies on (3) confirmed that both Cu cations were in the +2 
oxidation state (paramagnetic at T > 80 K), and exhibit anti-ferromagnetic behaviour 
(suggested by the short Cu–Cu distance) at lower temperatures. 
 
Although the work described here has enabled an alternative mechanism for the 
Gillard reaction to be proposed, this was not the main purpose of exploring the 
preparation and isolation of the 
–
Ophen ligand. The HOphen molecule is known to be 
luminescent as both a free ligand and also when coordinated to copper(I). Therefore 
its use as a ligand to form metal complexes for use in solar energy capture was of 
interest. Unfortunately, it was not possible to isolate sufficient quantities of the free 
HOphen ligand to enable reaction with ruthenium or other transition metals, and 
therefore the luminescent behaviour could only be tested when coordinated to 
copper(I).  It was found that although the absorption spectrum of [Cu
(I)
2(Ophen)2] (1) 
exhibited a broad peak in the visible region, the luminescence was quenched in 
solution. In the solid-state, fluorescence emission was observed from 370 to 455nm 
with a λmax at 400nm, which is toward the UV end of the visible spectrum. Excitation 
at longer wavelengths resulted in a shift further into the red region but the intensity of 
the emission was drastically reduced. Therefore, in terms of solar energy capture, 
complex (1) was not deemed suitable for further study. Neither of the Cu(II) 
complexes (2) and (3) exhibited any fluorescence. Subsequent chapters in this thesis 
detail the studies undertaken to prepare other metal complexes containing polypyridyl 
ligands with application to radiative energy capture.    
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4.1. Summary 
 
For their use in DSSC‟s, metal complexes need to bind securely to the surface of the 
seminconductor substrate. The interaction of chemical species with a semiconducting 
surface such as a polar metal oxide can occur through several modes, one of the 
possibilities being through a dipole-dipole non-covalent interaction utilizing a 
carbonyl functionality. In this context, di-2-pyridyl ketone (dpk) was investigated as a 
possible candidate to assist with the binding of a metal complex to the surface of TiO2 
and WO3. 
 
Initial studies investigating the synthesis and properties of [Cu
(I)
(dpk)(NCS)]n found 
two forms, (4) and (5), of a polymeric complex of copper(I) with di-2-pyridyl ketone 
(dpk) and thiocyanate anions, in which the latter bridge to form a one-dimensional 
continuous polymer chain. When either (4) or (5) was allowed to stand in the acetone 
supernatant an additional product was isolated, which is a novel ferromagnetic 
dinuclear complex of formula, [Cu
(II)
2(dpk.acetone)2(NCS)2] (6). 
CHAPTER 4  
Di-2-pyridyl ketone complexes of Cu(I) 
and Cu(II) containing iodide and 
thiocyanate ligands. 
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 A dinuclear copper(I) complex [Cu
(I)
2(dpk)2I2] (7), was also synthesised, which 
contains two, four-coordinate, copper(I) ions that are bridged through iodide ions. All 
compounds were prepared by reacting copper(I) salts of either thiocyanate or iodide 
with dpk in the presence of an excess of the sodium salt of thiocyanate or iodide, in an 
acetone/water solution, with mild  heating (~40°C). The black colour of complexes 
(4), (5) and (7) made them quite appealing for solar energy capture and their visible 
spectroscopic data indicated absorbance across the whole visible spectrum. In 
addition to this, the uncoordinated carbonyl group on the dpk of these complexes, 
provides a potential site for binding to metal oxide semiconductors.     
 
On the basis of the reaction forming [Cu
(II)
2(dpk.acetone)2(NCS)2] (6), an 
investigation, using alternative ketones, led to the isolation of five further complexes 
two, (8) and (9), from methyl ethyl ketone solution and three, (10), (11) and (12) from 
acetophenone solution. Complex (8), [Cu
(II)
(dpk)2(NCS)2] is a new compound, 
complex (9), [Cu
(II)
(dpk.H2O)2](NCS)2.H2O, has been described previously.
[146]
 
Compounds (10), (11) and (12) contain the picolinate anion  derived from pyridine-2-
carboxylic acid (pic); (10) is composed of square planar Cu(pic)2 with H2O and a 
stoichiometric amount of 2 mole of Na
+ 
NCS
–
, that is ordered electrostatically 
throughout the crystal lattice. Compound (11) contains the octahedral 
[Cu
(II)
(pic)2(NCS)2]
2–
 salt having 2 Na
+
 ions and 2 water molecules bonded in the 
crystal lattice. Compound (12) is a mixed coordination copper(II) complex, 
Na2[Cu
(II)
(pic)2][Cu
(II)
(pic)2(NCS)2] which contains the motifs of (10) and (11) in a 
composite structure. The formation of complexes (10), (11) and (12) is suggested to 
arise from a novel Baeyer-Villiger rearrangement on both dpk and acetophenone. 
 
4.2. Introduction 
 
Coordination polymer networks can form through self-assembly reactions between 
metal salts and ligands. There has been particular interest in univalent group 11 
metals, such as copper(I), as it readily coordinates to bidentate N-heterocyclic 
ligands.
[147]
 This type of combination can lead to 1D-chain or 2D-sheet networks, 
with numerous types of structures, including the dimeric and polymeric structures, 
which have been observed with 2,2-bipyridine (bipy), 1,10-phenanthroline (phen) and 
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2,9-dimethyl-1,10-phenanthroline (dmp) in combination with thiocyanate, iodide and 
bromide, as shown schematically in Figure 4-1. 
 
Cu
X
Cu
X
L
L
L
L
Cu
X
Cu
X
Cu
L L LL L L
Square Dimer
Polymer Chain
 
 
Figure 4-1 Dimer and polymer coordination combinations of copper(I) (where L= 
heterocyclic ligand, X=halide or pseudo halide) [147] 
 
Polydentate heterocyclic ligands such as di-2-pyridyl ketone (dpk) are important 
building blocks for the preparation of coordination compounds, and metallo-
supramolecular assemblies some of which may have application in solar energy 
capture.
[25]
 The dpk ligand is extremely versatile since it has the ability to chelate 
through multiple donor sites. It is capable of behaving as a bidentate or tridentate 
ligand chelating through N,N, N,O, or N,N,O
–1
 donor atoms respectively. 
[33, 146]
  
 
When dpk is coordinated to a metal centre the keto-carbonyl group becomes 
susceptible to nucleophilic addition. Subsequently, dpk can transform to a chemically 
modified ligand through in-situ processes, which are not readily achieved through 
conventional organic methods.
[25]
 For example, in the presence of water the keto-
carbonyl can undergo hydration forming a gem-diol (dpk.H2O), or in the presence of 
alcohols (e.g. methanol) an “alcoholated” (dpk.ROH) hemi-ketal derivative can form, 
as indicated in Figure 4-2.
[148]
 The resulting species can coordinate in either the 
protonated or deprotonated form, and thus the possibilities for dpk coordination are 
extensive.
[25]
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Figure 4-2 The hydrated/ alcoholated dpk derivative
[33, 146]
 
 
Thus, in addition to metal co-ordination in a complex, the utilization of one or more 
of these features may provide an efficient binding mode for attaching a metal complex 
to a semi-conducting surface. 
 
The reactivity of the carbonyl group is noteworthy, as generally ketones do not 
undergo hydration, except when the ketone moiety is adjacent to strongly electron-
withdrawing groups. However, in the case of dpk the polarisation of the >C=O bond, 
assisted by the adjacent pyridyl groups, is sufficient to allow for facile hydration.
[52, 
146]
 The hydration of ketones is analogous to the hydrolysis of esters which initially 
occurs through a nucleophilic addition at the ester carbonyl group, forming a 
tetrahedral intermediate (Figure 4-3).
[131]
 Likewise the hydration of the ketone 
produces a tetrahedral intermediate which can coordinate directly to a metal centre.   
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R OR'
O Nu
-
R Nu
O
R'O  
Figure 4-3 Nucleophilic substitution at an ester carbonyl 
 
When deprotonated, the negatively-charged oxygen atom from a hydroxyl group may 
act as a bridge between metal centres, but the precise mechanism of coordination to 
the metal before, or after, hydration is unknown. If it occurs before hydration, then 
there is direct activation of the carbonyl towards nucleophilic attack, whereas if it 
occurs after hydration, it is due to the polarisation effect of the metal on the hydroxyl 
group.
[52]
 
 
Hydrated and alcoholated derivatives of dpk are quite common, but recently  more 
interest has developed in the use of other nucleophiles to attack the keto-carbonyl.
[25]
 
In particular, in the presence of a Ni(II) salt and acetonitrile  in-situ cyanomethylation 
of the keto-carbonyl occurs to form the ligand dpk.MeCN,
[149]
 and Abrahams et al. 
have observed nucleophilic attack using bisulfite and pyrazole.
[150]
  
 
In-situ metal-promoted mixed aldol condensation reactions have been observed in  
basic solutions containing acetone, and an additional carbonyl group from either a 
ketone or aldehyde. A condensation reaction of this type has been reported recently 
by Hussain et al. who found that a new aldol ligand was generated when o-vanillin 
reacted with acetone in the presence of Dy(III) and potassium hydroxide.
[151]
 Other 
transition metal promoted reactions have also been observed with dpk. For example in 
the presence of Co(II) or Ni(II) acetate, Wu et al. reported an in-situ nucleophilic 
addition of L-proline as a secondary amine to the keto-carbonyl.
[152] 
 
 
The Perlepes group have also explored the reactions of dpk extensively and have 
published a review summarising this work.
[25]
 Recently, similar to Hussain, where 
acetone was able to form a nucleophilic enolate,
[151]
 Perlepes observed a Ni(II)-
promoted mixed aldol condensation between dpk and acetone in the presence of 
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potassium hydroxide, to form the novel ligand (dpk.acetone) observed here in 
compound (6) [Cu
(II)
2(dpk.acetone)2(NCS)2]. However, there has not been a detailed 
study reported of this work.   
        
Both thiocyanate and iodide ions are efficient bridging ligands and form dimeric or 
polymeric complexes, making it possible to form neutral networks.
[147, 153]
Although 
several N-heterocyclic ligands, including 2,2'-bipyridine (bipy), 1,10-phenanthroline 
(phen) and 2,9-dimethyl-1,10-phenanthroline (dmp) have been incorporated into 
neutral copper(I) thiocyanate polymeric networks,
[153-156]
 dpk analogues have not been 
explored in any detail. The study most relevant to the work reported here is that of  
Goher et al. who investigated complexes containing copper(I) with iodide and 
thiocyanate, and the uncoordinated, N-protonated dpk cation (dpk.H
+
).
[157]
  
 
This chapter concerns studies on the Cu-dpk system. The work describes eight new 
complexes and one previously published complex. Two of the complexes are 
copper(I) polymorphs, (4) and (5) [Cu
(I)
(dpk)(NCS)]n, another is an iodo-bridged 
copper(I) dimer (7) [Cu
(II)
2(dpk)2I2], (8) [Cu
(II)
(dpk)2(NCS)2] is a mononuclear 
copper(II) compound containing dpk, (9) [Cu
(II)
(dpk.H2O](NCS)2 is a mononuclear 
copper(II)  compound containing dpk which has undergone hydration. Compound (6) 
is a copper(II)  dimer resulting from a facile mixed-aldol reaction between the dpk 
ligand and acetone solvent promoted by Cu(II), in the presence of NaSCN (See 
Scheme 4-1), while (10), and (11) are copper(II) complexes which contain the 
picolinate (pic) ligand, and (12) [Cu
(II)
(pic)2].Na2[Cu
(II)
(pic)2(NCS)2] is a composite of 
(10) [Cu
(II)
(pic)2]Na2(NCS)2.2H2O  and (11) Na2[Cu
(II)
(pic)2(NCS)2](H2O)2 . 
  
 
  
Chapter 4: Copper dpk Complexes 
~ 118 ~ 
4.3. Results and Discussion 
 
4.3.1.  [Cu(dpk)(NCS)]n 
 
4.3.1.1. Polymorphs of [Cu(I)(dpk)(NCS)]n (4) and (5) 
 
Products (4) and (5) were prepared by reacting copper(I) thiocyanate and excess 
sodium thiocyanate with dpk in acetone and water, forming both black needle-like and 
block-like crystals of [Cu(dpk)(NCS)]n in good yield (70%), which could be separated 
manually on the basis of their crystalline form, see Scheme 4-1. 
 
Cu2SCN2
Acetone/Water
Na
+
 SCN
-
[Cu
+1
(SCN)3]
2-
[Cu
+1
(SCN)4]
3-
or
+ dpk
Cu
+1
N N
O
N C S
Cu
+1
N N
O
N C S
Cu
+1
acetone
+ NCS
-
N
N
O
N
N
O
Cu
2+
Cu
2+
O
-
O
-
NCS
-
NCS
-
(4) and (5)
(6)
(rapid)
  hrs
(slow)
 days
N C S
N C S
 
Scheme 4-1 Overall reaction for the formation of compounds (4), (5) and (6). 
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4.3.1.2. FTIR of (4) and (5) 
 
The black colour of compounds (4) and (5) [Cu
(I)
(dpk)(NCS)]n suggested the copper 
was present in the +1 state. FT-IR spectra of (4) and (5) were identical, with the 
presence of coordinated NCS being indicated by a strong band at 2091cm
-1
 (
#
) and the 
presence of the carbonyl group  (C=O) was inferred from a strong band at 1685cm
-1 
(*). This band was also observed in the free dpk ligand at 1682cm
-1
, see Figure 4-4. 
 
When products (4) and (5) were left in the supernatant liquid overnight they re-
dissolved. This was accompanied by a change in colour of the supernatant from 
purple-red to dark green. The dark green supernatant was left to stand, and within two 
days product (6) was isolated as large, green, block-like crystals in 15% yield. The 
colour of this material suggested that the copper had oxidized and was now present in 
the +2 state. The FT-IR spectrum of (6), shown in Figure 4-4, confirmed the presence 
of NCS with a strong band at 2076cm
-1 
(
#
), while a weak band at 1711cm
-1
 (*) 
indicated that a C=O group was also present.  
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Figure 4-4 FTIR spectra of (4)/(5) [Cu
(I)
(dpk)(NCS)]n and (6)  
[Cu
(II)
2(dpk.acetone)2(NCS)2] (where 
#  
= ~2080 cm
-1
  and * = ~1700 cm
-1
) 
 
The compositions of (4), (5) and (6) were confirmed by single-crystal X-ray 
diffraction, which provided unambiguous structural characterisation of each complex.  
 
# 
# 
 * 
* 
  
Chapter 4: Copper dpk Complexes 
~ 121 ~ 
4.3.1.3. Crystal Structures – Polymorphs (4) and (5) 
 
The chemical formulae of (4) and (5) are the same, [Cu
(I)
(dpk)(NCS)]n; however, the 
crystal packing is different with (4) exhibiting orthorhombic, Pmna, symmetry and (5) 
exhibiting monoclinic, P21/n, symmetry. Hence they are polymorphs (see the crystal 
data in Table 4-1). Both complexes contain a continuous chain of four-coordinated 
copper(I) species, which are bridged together through thiocyanate groups (both N- 
and S- donor) forming a one-dimensional linear polymeric network  as shown  in 
Scheme 4-1. The copper(I) cation is coordinated to three nitrogen atoms (two from a 
dpk ligand, and one from the bridging thiocyanate), and one sulphur atom from 
another bridging thiocyanate, forming a distorted tetrahedral structure. The cationic 
+1 charge on the copper is counter-balanced by the coordinated thiocyanate anion.  
 
This type of coordination enables the copper to remain in its +1 oxidation state, which 
is beneficial for dye purposes. In addition to this, the carbonyl oxygen is not bound, 
which provides a potential site for binding to an oxide surface. Both of these points 
increase the likelihood for this complex to be used for solar energy capture.    
 
The molecular unit of (4) and (5) has the composition [Cu
(I)
(dpk)(NCS)]n illustrated in 
Figure 4-5; this is comparable to the bipy, phen, dmp and dafone (where dafone = 4,5-
diaza-fluoren-9-one) Cu(I)-thiocyanate analogues previously reported. 
[146-147, 150, 154]
  
 
The monomeric unit of (4) contains mirror symmetry, with the copper, the 
thiocyanate ion and the carbonyl on the dpk ligand lying on the crystallographic 
plane. This type of mirror symmetry has been observed previously with 
[Cu(dafone)(NCS)]n.
[154]
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Table 4-1 Summary of the single crystal data for compounds (4) to (6). 
 
 (4) (5)
 
(6)
 
Empirical formula C12H8 Cu N3 O S C12H8 Cu N3 O S 
C67.5 H67 Cu4 N12 
O10.5 S4 
Molecular weight 305.81 305.81 1596.73 
Crystal Class Orthorombic Monoclinic Monoclinic 
Space Group Pmna P21/n P2(1)/c 
a, Å 8.1396(2) 14.3219(9) 21.932(7) 
b, Å 13.4112(3) 5.7110(3) 15.142(5) 
c, Å 11.0248(2) 15.0857(9) 23.223(7) 
α, (°) 90 90 90 
β, (°) 90 109.377(7) 113.514(5) 
γ, (°) 90 90 90 
V, Å
 3 1203.49(5) 1164(12) 7072(4) 
Z 4 4 4 
Crystal, colour Needle/ black Block/ black Block/green 
Crystal size (mm) 0.17 x 0.11 x 0.07 0.04 x 0.03 x 0.02 0.40 x 0.50 x0.50 
Temp (K) 130(2) 130(2) 130(2) 
Rad wavelength / Å 1.54184 1.54184 0.71073 
Radiation type CuKα CuKα MoKα 
θ min-max /° 3.29-72.40 3.69-67.45 1.65-27.68 
Index ranges -9  h  9 -16  h  17 -28  h  28 
 -16  k  16 -6  k  6 -19  k  19 
 -13  l  9 -13  l  18 -29  l  30 
No. of reflections 1235 2000 15959 
R1[F
2
 > 2σ (F2)] 0.0252 0.0732 0.0460 
wR[F
2
] 0.0666 0.1374 0.1051 
S 0.955 0.779 0.846 
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In the crystal lattice, complex (4) exists as a one-dimensional copper(I) polymeric 
network, bridged through thiocyanate and further  associated through edge-to-face 
(EF) π-π interactions and electrostatic dipole-dipole interactions. The thiocyanate 
bridging is almost linear with an N–C–S angle of 178.96°.  
 
The EF interactions occur through the aromatic protons of the bound dpk ligand and 
the aromatic ring of identical neighbours at an angle of 65.11° (edge-tilted, T-shaped 
EF interactions)
[158]
 and a distance of 2.940Å (H-to-ring centre distance), which is 
indicative of a weak interaction (ca. 2.5-2.7 Å strong interaction) in accordance with 
the classification of Jennings et al.
[158]
 A dipole-dipole electrostatic interaction is 
observed between neighbouring keto-carbonyl groups, at a distance of 3.181 Å.  
 
The slight negative charge on the oxygen atom causes charge repulsion between the 
keto-carbonyl groups on the dpk, which result in the carbonyl group deviating from 
the plane of the aromatic groups. The alternating spacial positions of the dpk ligands 
along the Cu-chain are reminiscent of the syndiotactic form of polypropylene,
[131]
as 
shown in Figures 4-6, 4-7 and 4-8. Significant bond angles and distances for 
compounds (4) and (5) are listed in Table 4-2.   
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Figure 4-5 Asymmetric units of [Cu
(I)
(dpk)(NCS)]n 
a) compound (4) and, b) compound (5).  
 
 
a) 
b) 
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Figure 4-6 Packing of (4) [Cu
(I)
(dpk)(NCS)]n along the b-axis “syndiotactic” form 
 
 
Figure 4-7  Packing of (4) [Cu
(I)
(dpk)(NCS)]n side view “syndiotactic” form 
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Figure 4-8 Packing of (4) [Cu
(I)
(dpk)(NCS)]n along the a-axis 
 
Compound (5) does not exhibit the mirror symmetry observed in (4). However, 
similar to (4), (5) exists as a one-dimensional copper(I) polymeric network bridged 
through thiocyanate anions in which the spacial distribution of ligands along the Cu-
chain is akin to the isotactic form of polypropylene,
[131]
 with all the dpk ligands 
located on the same side of the Cu-chain backbone, i.e. they have the same repeating 
stereo-configuration, see Figure 4-9. 
 
 
Figure 4-9 Packing of (5) [Cu
(I)
(dpk)(NCS)]n along a-axis “isotactic” form 
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Table 4-2 Significant bond angles and distances for compounds (4) and (5) 
[Cu
(I)
(dpk)(NCS)]n 
 
 (4) (5) 
 (Å) (°) (Å) (°) 
Cu1-N1 2.051(1)  2.035(6)  
Cu1-N2 1.911(2)  2.063(9)  
Cu1-N3   1.919(8)  
Cu1-S2 2.347(7)  2.335(3)  
N2-C7 1.153(3)    
N3-C12   1.150(1)  
S2-C7 1.658(2)    
S2-C12   1.660(1)  
C6-O1 1.220(3)  1.220(1)  
Cu1-N1-C1  117.2(1)  116.38 
Cu1-N2-C7  176.4(2)   
Cu1-N2-C11    120.0(6) 
Cu1-N3-C12    171.5(8) 
Cu1-S2-C7  104.42(8)   
Cu1-S2-C12    99.7(3) 
N2-Cu1-S2  118.01(7)   
N3-Cu1-S2    107.6(3) 
C5-C6-C5  125.6(2)   
C5-C6-C7    123.9(8) 
N1-Cu1-N1  94.13(6)   
N1-Cu1-N2    90.0(3) 
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In the crystal lattice, complex (5) is associated through EF π-π interactions and H-
bonding. The EF interactions occur between an N1 aromatic ring and the N1 aromatic 
protons on an identical neighbouring complex at a distance of 2.913Å and an angle of 
65.91°. Interactions between the N2 ring and N2 aromatic protons are also observed 
at a distance of 2.914Å. Weak H-bonding is observed between the keto-carbonyl and 
the aromatic protons at a distance of 3.163 Å, as can be seen in Figure 4-10. 
Significant bond lengths and angles are listed in Table 4-2.      
 
 
Figure 4-10 Packing of (5) [Cu
(I)
(dpk)(NCS)]n along the b-axis 
 
  
  
Chapter 4: Copper dpk Complexes 
~ 129 ~ 
4.3.2.  [Cu (II)2(dpk.acetone)2(NCS)2]   (6)   
 
4.3.2.1. Crystal Structure - Complex (6) 
 
The crystals of (6) exhibit monoclinic, P21/c, symmetry and the single crystal data is 
listed in Table 4-1. The complex is a novel structure containing a dinuclear copper(II) 
centre and has the formula [Cu
(II)
2(dpk.acetone)2(NCS)2] (Figure 4-11). The molecular 
unit contains two five-coordinate copper(II) ions, with trigonal-bipyramidal 
coordination, which are bridged through a deprotonated hydroxyl group on each 
bridging dpk.acetone ligand, and also through the two nitrogen atoms on each ligand, 
resulting in dpk.acetone bridging chelation to copper using the N,N',O
–
 tridentate 
mode. The anionic charge on the deprotonated hydroxyl groups, along with two N-
coordinating thiocyanate groups, counter-balance the cationic charge on the two 
copper(II) cations. Each copper(II) ion is coordinated by two N atoms from different 
dpk.acetone ligands (Cu-N = 1.979-2.212 Å), one N atom from a thiocyanate (Cu-N = 
1.959-1.966 Å) and two O atoms from the deprotonated hydroxyl groups from 
different dpk.acetone ligands (Cu-O = 1.956-1.974 Å), with a Cu-Cu non-bonding 
distance of 2.872-2.896Å. The asymmetric unit comprises two dinuclear complexes 
with different symmetries.  
 
In the crystal, the complex exists as ribbons of alternating dinuclear copper 
complexes, which are associated by a network of H-bonding through the deprotonated 
oxygen and the acetone-carbonyl to neighbouring aromatic protons and methylene 
acetone protons, as can be seen in Figure 4-12. The angle between the central carbon 
bridging the two pyridine rings has decreased (C-C-C ~ 108°) when compared to dpk 
complexes which contain a keto-carbonyl group (C-C-C ~ 125°). This angle change 
has been observed in other complexes where dpk has undergone hydration,
[146]
 and is 
consistent with a change from a trigonal keto-group to a tetrahedral gem-diol (Figures 
4-2 and 4-3). Table 4-3 lists the significant bond lengths and angles for compound (6).      
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Figure 4-11  Molecular unit of complex (6) [Cu
(II)
2(dpk.acetone)2(NCS)2] 
 
 
Figure 4-12 Packing of (6) [Cu
(II)
2(dpk.acetone)2(NCS)2] along the c-axis, the purple 
and blue colours representing the alternating dinuclear copper complexes 
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Table 4-3 Significant bond lengths and angles for compound (6), 
[Cu
(II)
2(dpk.acetone)2(NCS)2] 
 (6) 
 (Å)  (°) 
Cu1-N7 1.979(2) Cu1-O5-Cu3 (bite) 95.10(8) 
Cu1-N10 2.186(2) Cu3-O6-Cu1 (bite) 95.01(8) 
Cu1-N12 1.965(3) N10-Cu1-N12 103.0(1) 
Cu1-O5 1.956(2) N11-Cu3-N9 97.3(1) 
Cu1-O6 1.963(2) N12-Cu1-O5 100.06(9) 
Cu3-N8 2.212(2) N7-Cu1-N10 103.2(1) 
Cu3-N9 1.982(2) N8-Cu3-O6 77.39(8) 
Cu3-N11 1.959(3) N8-Cu3-N11 96.5(1) 
Cu3-O5 1.965(2) N9-Cu3-O5 81.39(9) 
Cu3-O6 1.961(2) Cu2-O2-Cu4 (bite) 93.61(8) 
Cu2-N1 1.994(2) Cu4-O1-Cu2 (bite) 93.92(8) 
Cu2-N3 2.208(2) N1-Cu2-O1 80.91(9) 
Cu2-N6 1.970(3) N3-Cu2-N6 99.5(1) 
Cu2-O1 1.972(2) N4-Cu4-N5 98.0(1) 
Cu2-O2 1.966(2) N5-Cu4-N2 104.9(1) 
Cu4-N2 2.171(2) N6-Cu2-N1 97.9(1) 
Cu4-N4 1.981(2) O1-Cu4-N2 78.29(9) 
Cu4-N5 1.959(3) O2-Cu2-N3 77.51(8) 
Cu4-O1 1.958(2) O2-Cu4-N4 81.90(9) 
Cu4-O2 1.974(2) S1-C29-N5 179.4(3) 
N11-C59 1.145(5) S2-C30-N6 164.4(6) 
C59-S4 1.636(4) S3-C60-N12 179.5(3) 
N12-C60 1.150(5) S4-C59-N11 178.9(3) 
C60-S3 1.631(4)   
N6-30 1.131(5)   
C30-S2 1.65(2)   
N5-C29 1.154(5)   
C29-S1 1.624(4)   
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4.3.2.2.  Magnetic measurements 
The short non-bonding distance (2.874-2.893Å) between the Cu(II) centres in (6) 
suggests that magnetic interactions may be present. Thus, the magnetic moment and 
magnetic susceptibility were measured, and the results are presented in Figures 4-13 
and 4-14.  
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Figure 4-13 m Vs T  (per 1Cu centre) for (6) [Cu
(II)
2(dpk.acetone)2(NCS)2]. 
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Figure 4-14 µeff Vs T  (per 1Cu centre) for (6) [Cu
(II)
2(dpk.acetone)2(NCS)2]. 
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The susceptibility data in Figure 4-13 were fitted to the modified Bleaney-Bowers 
relationship
[140]
 given in Equation 3-3 in Chapter 3, page 102. For a Cu(II) dimer, the 
spin Hamiltonian H equals -2J S1S2,  where J is the exchange coupling parameter and 
S1 = S2 = ½ (two interacting local spins). [See Figure 3-12 in chapter 3]    
 
At ambient temperatures (6) [Cu
(II)
2(dpk.acetone)2(NCS)2] was found to be 
paramagnetic with an isotropic g-factor (g=1.97), which is similar to other copper 
complexes of dpk derivatives, where isotropic g-factors have been observed which 
vary from 2.00–2.06.[159-160] The room temperature susceptibility correlates with an 
effective magnetic moment of 1.81 µB per Cu(II) ion, as expected for non-interacting 
Cu(II) d
9
 ions,
[41]
 and it increased to 1.96 µB  at 40K. Although the more usual 
magnetic behaviour in Cu(II) d
9
 dimeric species is a spin-pairing anti-ferromagnetic 
interaction (J –ve) as described in the previous chapter,[161] the ferromagnetic 
interaction (J +ve) observed here is uncommon but not unique,
[30-31, 162]
 and complex 
(6) represents a further example, see Table 4-4. 
 
The µeff vs T(K) plot (Figure 4-14) shows an increase in µeff as the temperature is 
lowered which is characteristic of ferromagnetic coupling, and is confirmed by the 
positive J value of  +45.2cm
–1
. The rapid decrease in μeff at low temperatures (40K) is 
indicative of a weak intermolecular antiferromagnetic interaction; this has been 
accounted for by a Weiss-type correction (Θ), Equation 4-1.[32, 115] The data for (6) is 
comparable to the magnetic data observed in other ferromagnetic alkoxy-bridged
[31, 
162]
 and azido-bridged
[30]
 complexes, with similar M-O-M angles and magnetic 
susceptibility plots, as listed in Table 4-4.     
 
Equation 4-1 Curie-Weiss Law
[115]
 
 
)( 

T
C
  
  = magnetic susceptibility 
C  = Curie constant 
T  = temperature 
  = Weiss constant 
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Table 4-4 Magnetic behaviour of various copper dimers comparing their Cu-O-Cu 
angle and J-coupling value. 
Ferromagnetic Cu
2+
-O-Cu
2+
 (°) J (cm
-1
) 
(6) [Cu2(dpk.acetone)2(NCS)2] 93.6-95.1 +45.2 
Azido-bridged 
[Cu4L
dur
(µ2N3)4](PF6)44H2O6CH3-CN] 
[30]
 
96.6-98.1 +94 
[Cu2Lim(OAc)]·6H2O
[162] 91.8-102.5 +49.2 
 
Anti-ferromagnetic   
Hydroxo-bridged 
[Cu4L
dur
(µ2-OH)4](ClO4)4] 
[30]
 
95.7-97.9 -27 
Cu acetate
[41]
 n/a -295 
(3) [Cu2(Ophen)2(phen)2](NO3)2  
(from Chapter 3) 
n/a -44 
n/a = not applicable  
Ldur = 1,2,4,5-tetrakis-(1,4,7-triazacyclonon-1-ylmethyl)benzene) 
H3Lim = 2-(2-hydroxyphenyl)-1,3-bis[4-(2-hydroxyphenyl)-3-azabut-3-enyl]-1,3 imidazolidine 
 
The applications of ferromagnetic materials are extensive when compared to 
antiferromagentic materials, which are quite limited.
[143]
 Some possible uses for 
ferromagnetic materials include sensing, data storage, molecular magnets, magnetic 
recording, permanent magnets, and electrical insulators.
[115, 143]
    
 
4.3.2.3.  Mechanistic Considerations  
 
Many polymeric complexes of copper(I) have been synthesised previously, and in 
most cases their usefulness has been frustrated by insolubility. This was also the case 
with polymorphs (4) and (5) [Cu
(I)
(dpk)(NCS)]n, which were insoluble in a wide range 
of polar and non-polar solvents. However, when the insoluble copper(I) complexes 
were left in their mother liquor over several days, dissolution occurred, even under 
ambient laboratory conditions. The red, aqueous acetone solution that contained black 
crystals of (4) and (5) transformed into an emerald green solution in air, and deposited 
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the copper(II) complex (6) [Cu
(II)
2(dpk.acetone)2(NCS)2] as green crystals. 
Unfortunately, despite favourable spectral properties and the potential for binding to 
metal oxide semiconducting surfaces, the instability of (4) and (5) in air indicated 
they were unsuitable for use as dyes in a DSSC.  
 
 In ketones, the hydrated gem-diol form and the carbonyl ketone are in equilibrium in 
an aqueous medium (Figure 4-2), with the equilibrium often favouring the ketone-
form. However, strong electron-withdrawing substituents on the carbonyl group 
increase the electrophilic nature of the carbonyl carbon,
[52]
 thus increasing its 
susceptibility to attack by weak nucleophiles such as water, and favouring the 
hydration reaction. It is also well-documented that, in the presence of divalent metal 
ions, dpk is able to undergo hydration across the keto-carbonyl group to form a gem-
diol.
[25, 33, 146]
 Hemiketals have also been known to form in alcoholic medium (Figure 
4-2), where chelation to the metal centre occurs through N,N',O coordination, and the 
resultant -C–OH groups deprotonate to yield a mono-anionic ligand.[148] 
 
Figure 4-11 illustrates that complex (6) has N,N',O
–
 coordination, but a gem-diol has 
not formed, rather the co-ordinated dpk has reacted with the acetone in solution which 
has been deprotonated to provide a carbanion nucleophile that can attack the metal-
activated dpk carbonyl group and form an alkoxide, which has then become 
coordinated to the copper as the reaction sequence in Scheme 4-2 shows.  
 
This reaction is analogous to an aldol condensation which occurs when a carbonyl 
group with an α-hydrogen atom undergoes proton abstraction by base to form an 
enolate ion, see Scheme 4-2. The enolate ion can then undergo a nucleophilic addition 
reaction to a second carbonyl group. This step is often followed by a relatively facile 
dehydration to generate an alkene, however in the present case the reactivity of the 
hydroxy group is masked when it becomes bound to the Cu
2+
 ion, thus blocking the 
dehydration process.
[131]
  
 
The formation of (6) in significant yield (15%) is quite surprising under the mild 
conditions of the experiment, and it would appear that unreacted starting material 
contained in the mother liquor was responsible for initiation of the reaction. Indeed, a 
large excess of sodium thiocyanate was added to the reaction mixture to ensure that 
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the copper(I) thiocyanate remained soluble. Hence, it is suggested that it is the 
unreacted thiocyanate ion behaving as a weak base that is the most likely candidate to 
initiate the formation of the enolate. Hussain
[151]
 and Perlepes
[25]
 have used strong 
base to initiate the formation of enolates, but in the present work, we have observed 
similar results with a  much weaker base.  
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N N
O
OO
CH2
O
H
H
H
M M
M MM M
step (i)
step 
(ii)
 
Scheme 4-2 Proposed mixed aldol condensation mechanism for conversion of (4)/(5) 
[Cu
(I)
(dpk)(NCS)]n into (6) [Cu
(II)
2(dpk.acetone)2(NCS)2] (Step (i) is the proton 
abstraction from acetone by the weak base NCS
–
, Step (ii) is the nucleophilic attack 
on the carbonyl group of the dpk.) 
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4.3.3.  [Cu2(dpk)2I2] (7) 
 
Complex (7) was prepared in a similar manner to (4) and (5) [Cu
(I)
(dpk)(NCS)]n, with 
the iodo forms of the copper and sodium salt being used instead of the thiocyanate 
analogues (Scheme 4-3). The iodide ion was selected as a co-ligand since it is known 
to be an excellent bridging species.
[26, 147, 163-164]
  However, instead of the infinite 
chain polymers formed by thiocyanate bridging in [Cu
(I)
(dpk)(NCS)]n, black block-
like crystals of dimeric [Cu
(II)
2(dpk)2I2] were obtained in good yield (60%). The black 
colour of the material suggested the copper remained in the +1 state. 
 
As with complexes (4) and (5), in complex (7) the copper was found in the +1 
oxidation state and the oxygen was not bound to the metal centre. However, unlike 
complexes (4) and (5) which were found to unstable, complex (7) did not undergo any 
further reaction; hence it may be of sufficient stability to be considered as a dye for 
DSSC. Unfortunately, the insolubility of complex (7) in various solvents precluded 
fabrication into a solar cell.    
 
Cu2I2
N
NN
N
Cu1+ OO
(7)
Cu1+
I
I
Acetone/Water
Na+ I-
[CuI3]
2– [CuI4]
3–
or
dpk
 
Scheme 4-3 Reaction summary for the formation of (7) [Cu
(I)
2(dpk)2I2]. 
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4.3.3.1. FTIR of Complex (7) 
 
The FTIR spectrum of (7) [Cu
(I)
2(dpk)2I2] confirmed the presence of a free carbonyl 
group (C=O) with a strong band at 1660cm
-1 
(
#
), the corresponding absorption in 
polymers (4) and (5) ([Cu
(I)
(dpk)(NCS)]n) occurs at 1685 cm
-1
 (*), as illustrated in
 
Figure
 
4-15(a). The composition of (7), was confirmed by single-crystal X-ray 
diffraction, which provided unambiguous structural characterisation of the complex.
 
(7) is a new compound, which exists as a dinuclear copper(I) complex of formula 
[Cu
(I)
2(dpk)2I2]. The molecular unit contains two four coordinate copper(I) cations, 
with tetrahedral coordination, with the cationic charge counter-balanced by two 
bridging iodide anions. 
 
Figure 4-15(b) is a comparison of the FTIR spectrum of the linear polymers, 
[Cu
(I)
(dpk)(NCS)]n (4) and (5), and the dimeric [Cu
(I)
2(dpk)2I2] (7) which clearly 
shows the v(N≡C–S) band (^) in (4) and (5) and the close correlation of the remaining 
dpk bands indicating similar structural motifs for the dpk in all these complexes, as 
confirmed by XRD.    
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Figure 4-15(a) FTIR spectrum of [Cu
(I)
2(dpk)2I2] (7) and  
(b) comparison of FTIR of polymer [Cu
(I)
(dpk)(NCS)]n (4) and (5) and the dimeric 
[Cu
(I)
2(dpk)2I2] (7). (All spectra obtained in KBr discs). (where ^  = 2076 cm
-1
,              
* = 1685 cm
-1
 and 
# 
= 1660 cm
-1
). 
 
 
 
(a) 
(b) 
# 
# 
 * 
^ 
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4.3.3.2. Crystal Structure – Complex (7) [Cu2(dpk)2I2] 
 
The crystals of (7) exhibit monoclinic, P21/c, symmetry and the single crystal XRD 
data is summarised in Table 4-5. In the solid crystal the compound exists as layers in 
which the complexes are associated with their identical neighbour through a 
combination of π- π interactions and hydrogen bonding. In addition, an intermolecular 
OFF π- π interaction with an interplanar distance of 3.473Å, which runs along the b 
axis (Figure 4-16), occurs between the N1 coordinated dpk rings. H-bonding is also 
observed between protons on the aromatic rings and the keto-carbonyl and iodide ions 
(O···H = 2.437 Å, I···H = 3.162 Å). Table 4-6 lists the significant bond lengths and 
angles for compound (7).  
 
 
Figure 4-16 Packing of (7) along b-axis 
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Table 4-5 Summary of single crystal XRD data for compound (7) [Cu
(I)
2(dpk)2I2] 
 
 (7) 
Empirical 
formula 
C11H8 Cu I N2 O 
Molecular 
weight 
374.63 
Crystal Class Monoclinic 
Space Group P 21/c 
a, Å 9.9663(7) 
b, Å 9.4446(9) 
c, Å 12.4390(10) 
α, (°) 90  
β, (°) 104.602(8) 
γ, (°) 90 
V, Å
3 1133.01(16) 
Z 4 
Crystal, colour Prism/black 
Crystal size 
(mm) 
0.04 x 0.03x 
0.02 
Temp (K) 130(2) 
Rad wavelength / 
Å 
1.54184 
Radiation type CuKα 
θ min-max /° 4.58-73.14 
Index ranges -12  h  9 
 -11  k  9 
 -15  l  12 
No. of reflections 2150 
R1[F
2
 > 2σ (F2)] 0.0446 
wR[F
2
] 0.0995 
S 0.695 
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Table 4-6 Significant bond lengths and angles for compound (7) [Cu
(I)
2(dpk)2I2] 
 
 (7) 
 (Å) (°) 
  Cu1-N1 2.033(9)  
Cu1-N2 2.037(9)  
Cu1-I1 2.622(2)  
Cu1-I1 2.597(1)  
C6-O1 1.24(2)  
N2-Cu1-N1  94.24(4) 
C7-C6-C1  126(1) 
Cu1-I1-Cu1  58.40(5) 
 
The close proximity of the two Cu(I) ions in the [Cu
(I)
2(dpk)2I2] (7) complex is in 
accord with values observed in many other Cu(I) dimers. For example, Cu(I) 
polynuclear compounds often exhibit short Cu-Cu distances ranging between 2.38 – 
3.2 Å, as indicated in Figure 4-17.
[41]
 The contact distance in (7), (Cu···Cu = 2.547 
Å),  is comparable to that seen in other Cu
+
/Cu
+
 dimers; for example the Cu···Cu 
separation in [Cu2I2(phen)2]  is 2.664Å.
[26]
  
 
Cu
I
Cu
I
N
N
N
N
N
N
=dpk or phen
Cu···Cu distance dpk =2.547Å
phen = 2.664Å  
 
Figure 4-17 Cu···Cu distance in Cu2 dimers.
[26]
 
 
Each copper(I) ion is coordinated by two N atoms from dpk (Cu-N  = 2.032-2.036Å), 
and two I atoms (Cu-I = 2.596-2.622Å). This type of Cu2I2 halide-bridged square 
dimer has been seen previously with other N-heterocyclic ligands.
[26, 147, 163-164]
 In 
addition, other Cu2X2 (where X = F, Cl or Br) species which contain a halide-bridged 
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square dimer include [Cu2(bipy)2Br2] which has a Cu···Cu non-bonding distance of 
2.85Å.
[165]
 Larger distances between the non-bonding copper centres are observed 
when the copper ions are present in the +2 oxidation state, for example, 
[Cu2(dpk.H2O)2Br2] has a Cu···Cu non-bonding distance of 4.090 Å.
[166]
   
  
4.3.4.  Spectroscopic Properties: UV-Visible /Fluorescence  
 
 
UV-visible absorption studies of complexes (4) and (5), ([Cu
(I)
(dpk)(NCS]n), were 
carried out in the solid-state, as they are unstable in solution and readily oxidise to 
copper(II). Both (4) and (5) are black in colour, and therefore, as expected, a broad 
absorption band across the entire visible spectrum was observed (Figure 4-18). The 
solid-state UV-Vis spectrum of complex (7), [Cu
(I)
2(dpk)2I2], (Figure 4-18) which is 
also black in colour, is very similar to that observed for (4) and (5). The absorption 
spectrum of the green copper(II) complex (7) (Figure 4-19) was determined in DMF 
solution, and exhibited a broad absorbance beginning at 575nm with a λmax at 675nm, 
and extending throughout the red region. 
 
Fluorescence studies were also carried out in the solid state. Many copper(I) 
complexes with pyridine-type ligands exhibit luminescent behaviour, as reported in 
the previous chapter with [Cu2(Ophen)2] (1), and by McMillin et al. with the 
[Cu(dmp)2]
2+
 anion.
[72]
 However, complexes (4) and (5) exhibited no emission in the 
visible region despite the copper being in the +1 oxidation state. Goher et al.
[167]
 
found similar non-emitting properties in the polymeric [Cu(dpk.ox)(NCS)]n complex 
(where dpk.ox = di-2-pyridylketone oxime). They suggested that this occurred due to 
the oxime group altering the energy levels of the aromatic rings. However, this cannot 
be the case here, and it seems more likely that the non-emitting properties of (4) and 
(5) may be due to the polymeric nature of the complexes giving rise to fluorescence 
quenching as a result of the close proximity of the copper(I) centres in the polymer. 
This latter suggestion is consistent with the observation of weak luminescence for the 
dimeric complex, [Cu
(I)
2(dpk)2I2] (7), which, when excited at 360nm,  exhibits a broad 
emission at 400-550nm with a λmax at 420nm, as illustrated in Figure 4-20.  
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While the spectroscopic data observed in complex (7) is favourable for dye species, 
its insolubility limits its use. The current method used to bind dyes to an oxide surface 
requires the dye to be in solution rather than as a solid. Other methods were 
investigated, which included embedding complex (7) into an oxide. However, the 
oxides tend to be annealed at high temperature (>450°C) and unfortunately the 
organic material in the complex, that is, the ligands, are not stable at this temperature 
and start to decompose at ~200°C. In addition to this, if the dye was embedded into 
the oxide surface the electrolyte would not be able to reduce the metal centre, hence 
there would be only one redox turnover, and for a dye to be commercially viable, 10
8
 
redox turnovers are required.   
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Figure 4-18 Solid-state UV-Vis spectra of complexes (4) and (5), and (7). 
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Figure 4-19 Solution UV-Vis spectrum of complex (6), [Cu
(II)
2(dpk.acetone)2(NCS)2]. 
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Figure 4-20 Solid-state luminescence spectrum of compound (7) [Cu
(I)
2(dpk)2I2] 
excited at 360nm. 
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4.3.5.  Complexes (8) and (9)  
 
When dpk is coordinated to a transition metal via its two nitrogen atoms the carbonyl 
group in the ligand is known to be extremely susceptible to attack from various 
nucleophiles such as the action of acetone enolate (CH3–CO–CH2
–
) described earlier, 
which resulted in the formation of (6) [Cu
(II)
2(dpk.acetone)2(NCS)2], from (4) and (5) 
([Cu
(I)
(dpk)(NCS)]n). Thus, an investigation of the reaction of CuNCS with dpk in the 
presence of alternative ketones and aldehydes including acetophenone, 
cyclohexanone, methyl ethyl ketone, 2-pentanone, 3-pentanone, methyl isobutyl 
ketone and acetaldehyde (Table 4-7) was undertaken, to see whether similar reactions 
would occur. 
 
Crystals were isolated from two of the ketone systems, methyl ethyl ketone (MEK) 
and acetophenone, and a powdered product was obtained from the 3-pentanone 
system. For the remaining carbonyl species, although colour changes were observed 
in solution, indicating that some reaction had occurred, no solid products were 
isolated. See Table 4-8 for a summary of the results.  
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Table 4-7 Chemical structure and miscibility in water for several ketone solvents. 
 
Solvent Chemical Structure Miscibility in 
water 
Acetone O
 
Yes 
Acetophenone O
 
Slightly 
Cyclohexanone O
 
Slightly 
Methyl ethyl 
ketone (MEK) 
O
 
Yes 
2-pentanone O
 
Slightly 
3-pentanone O
 
Slightly 
Methyl isobutyl 
ketone (MIBK) 
O
 
Slightly 
Acetaldehyde 
H
O
 
yes 
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Table 4-8 Summary of results for the interaction of CuNCS with dpk in the presence 
of various ketone solvents 
 
Solvent Colour (mother liquor)  Product(s) 
 MEK Green Green crystals formed 
initially. When left in the 
mother liquor purple 
crystals started to form. 
Acetophenone Initially red, then turned 
brown and subsequently 
olive green 
A green ppt formed, (and 
blue crystals after three 
months).  
Cyclohexanone Brown No solid product was 
isolated. 
3-pentanone Brown A green ppt formed. 
2-pentanone Brown No solid product was 
isolated. 
MIBK Green Green needles formed, 
which decomposed when 
removed from the mother 
liquor. 
Acetaldehyde Green No solid product was 
isolated 
 
The structural results indicated that, unlike acetone, MEK and acetophenone did not 
undergo an aldol condensation to form an enolate ion. Possible reasons for acetone‟s 
lone success could be that it is completely miscible with water, it is a relatively small 
and non-bulky molecule compared to, for example acetophenone, and the 
symmetrical nature of acetone provides two methyl groups with α-hydrogens for 
nucleophilic attack. 
 
Although all of these carbonyl compounds are known to undergo aldol condensations 
in the presence of a strong base, this was not observed under the mild reaction 
conditions used here.  
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4.3.5.1. Crystal Structures – Complexes (8) and (9) 
 
Complexes (8) [Cu
(II)
(dpk)2(NCS)2] and (9) [Cu
(II)
(dpk.H2O)2](NCS)2.H2O were 
prepared in a similar manner to (4) and (5) ([Cu
(I)
(dpk)(NCS)]n), with methyl ethyl 
ketone being used as the co-solvent instead of acetone, as summarised in Scheme 4-4. 
A combination of green crystals of [Cu(dpk)2(NCS)2] (8) and purple block-like 
crystals of [Cu(dpk.H2O)2](NCS)2.H2O (9), were isolated in a 1:10 ratio. The colour 
of the materials suggested the copper was present in the +2 state in both, and this was 
confirmed by single crystal x-ray diffraction.  
Cu2SCN2      +      dpk
MEK/Water
NaSCN
N
NN
N
Cu
2+ OO
(8)
N
C
S
N
C
S
N
NN
N
Cu
2+ OHHO
(9)
H
O
H
O
2SCN
H2O
 
Scheme 4-4 Overall reaction for the formation of (8) and (9) 
 
Thus, a copper(II) complex (8), where the keto-carbonyl of the dpk ligand has not 
undergone hydration, was isolated from the MEK system. While this has been 
observed in other copper(I) complexes, (refer to complexes (4) and (5)), it is  
uncommon for copper(II). Two of the complexes reported previously in the literature 
are rather similar to (8) with halides instead of thiocyanate, but this work was 
completed in the 1960‟s and only chemical analysis and FT-IR data were presented to 
support the structural assignment.
[168-170]
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The manganese(II) analogue, [Mn(dpk)2(NCS)2], of complex (8), [Cu(dpk)2(NCS)2],  
has been reported previously by Serna et al.
[146]
 This work also included the isolation 
of a hydrated dpk complex when coordinated to copper, and is identical to complex 
(9). Serna suggested one reason why the d
9
 copper allowed hydration of the dpk, 
whereas the d
5
 manganese did not, was the higher number of d-electrons present in 
the copper ion. This enables greater distortion of the octahedral geometry, caused by 
the Jahn-Teller effect,
[41]
 and allows the stabilisation of the gem-diol through 
coordination to the copper ion (Cu-O bond). Mn(II) has a lower affinity for distorted 
octahedral geometry, which would be required to form the Mn-O bond.
[131, 146]
 
Therefore, as a result of the willingness of copper to distort its geometry, many d
9
 
copper complexes of dpk, either hydrated or alcoholated exist, and even in the case of 
compound (6) a transition metal promoted aldol condensation product is observed. It 
would be logical therefore to assume that Jahn-Teller distortion might also be 
observed in complex (8) however, this was found not to be the case with the carbonyl 
ketone remaining, rather than the formation of the gem-diol.    
 
4.3.5.2. FTIR of (8) and (9) 
 
The FT-IR spectrum of complex (8), [Cu
(II)
(dpk)2(NCS)2], (Figure 4-21) shows a 
strong band at 2060cm
-1 
(
#
), indicative of N-coordinated thiocyanate, and a very weak 
band at 1626cm
-1
 (*) that suggests a carbonyl group (C=O) is also present, the 
corresponding absorption occurs at 1685cm
-1
 in complexes (4) and (5) 
([Cu
(I)
(dpk)(NCS)]n) and 1660cm
-1
 in complex (7) [Cu
(I)
2(dpk)2I2]. The FT-IR 
spectrum of complex (9) [Cu
(II)
(dpk.H2O)2](NCS)2.H2O (Figure 4-21) shows a broad 
split band, at 2059 cm
-1
  and 2086 cm
-1
 (
#
) which is indicative of thiocyanate, which 
may be caused by solid-state splitting or distortion from regular octahedral symmetry 
brought about by the Jahn-Teller effect,
[171]
 and the absence of a C=O peak at 
~1630cm
-1 
(*).  
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Figure 4-21 FTIR of complex (8) [Cu
(II)
(dpk)2(NCS)2], and (9) 
[Cu
(II)
(dpk.H2O)2](NCS)2.H2O (where 
#
 = ~2070 cm
-1
 and * =  1626 cm
-1
).  
 
4.3.5.3. Crystal Structures – Complexes (8) and (9) 
 
The green crystals of (8) exhibit orthorhombic, Fddd symmetry with crystal data 
summarised in Table 4-9. The asymmetric unit consists of half the metal complex, 
giving the empirical formula [Cu0.5(C11H8ON2)(NCS)] (Figure 4-22). 
 
 
        # 
   # 
   * 
 * 
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Table 4-9 Summary of single crystal XRD data for compounds (8), (9) and cuzu
[146]
 
 
 (8)
 (9) cuzu
[146]
 
Empirical 
formula 
C24 H16 Cu N6 O2 S2 
C24 H18
#
 Cu N6 
O6 S2 
C24 H24
#
 Cu N6 
O6 S2 
Molecular 
weight 
548.09 614.13 620.16 
Crystal Class Orthorhombic Triclinic Triclinic 
Space Group Fddd P-1 P-1 
a, Å 16.875(4) 7.884 (19) 7.914(3) 
b, Å 21.566(5) 9.201 (2) 9.223(2) 
c, Å 26.429(5) 9.411 (2) 9.429(2) 
α, (°) 90 96.388 (4) 96.38(2) 
β, (°) 90 95.478 (4) 95.54(2) 
γ, (°) 90 96.456(4) 96.61(2) 
V, Ǻ3 9618(3) 670.13 675.2(3) 
Z 8 2 1 
Crystal, colour Block, green Block, purple Primatic, purple 
Temp (K) 293(2) 293(2) * 
Rad wavelength 
/Ǻ 1.5418 0.7107 * 
Radiation type CuKα MoKα * 
θ min-max /° 3.72 – 73.01 2.19 - 27.52 1-30 
Index ranges –20  h  16 –9  h  10 * 
 –23  k  21 –11  k  11 * 
 –32  l  24 –12  l  7 * 
No. of 
reflections 1984 2843 4123 
R1[F
2
 > 2σ (F2)] 0.0643 0.0737 0.0342 
wR[F
2
] 0.0838 0.2092 0.0946 
S 0.695 0.759 1.089 
* This information was not available in the CIF  
# In the crystal structure of complex (9) not all of protons have been assigned, whereas in cuzu they 
have been. 
 
  
Chapter 4: Copper dpk Complexes 
~ 153 ~ 
Each copper atom has octahedral stereochemistry, coordinating to six nitrogen atoms 
from two dpk ligands (Cu-N = 1.995-2.217Å) and two thiocyanate anions in a cis 
configuration (Cu–N = 2.148 Å), hence the +2 copper charge is counter-balanced by 
the coordinating thiocyanate anions, which are present in the cis-arrangement. Thus, 
the molecular unit of (8) has the composition cis-[Cu(dpk)2(NCS)2] (Figure 4-23). 
The thiocyanate anion is almost linear with an N–C–S angle of 172.91°. The C–C–C 
angle across the keto-carbonyl is 119.43°, as expected for an sp
2
 hybridized trigonal 
carbon atom, and is similar to that observed in complexes (4) and (5), and other 
complexes where the keto-carbonyl has not undergone hydration. The symmetry of 
complex (8) is demonstrated by the trans N1–Cu–N1 and trans N2–Cu–N3 (N2 from 
the coordinated dpk ligand and N3 from the coordinated thiocyanate anion) with both 
angles being almost linear at 178.39° and 177.00°, respectively. See Table 4-10 for a 
listing of the significant bond lengths and angles for complex (8).  
 
In the crystal lattice, the complex exists as clusters that contain alternating 
[Cu(dpk)2(NCS)2] units, which are associated by a network of weak OFF π-π 
interactions. The OFF interactions are perfectly parallel and occur between the 
identical N1N1 aromatic dpk rings at a distance of 3.739 Å. This can be observed in 
the global packing of the complex, see Figures 4-24 and 4-25.  
 
 
Figure 4-22 Asymmetric unit of (8) [Cu
(II)
(dpk)2(NCS)2]. 
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Figure 4-23 Complex (8) cis-[Cu
(II)
(dpk)2(NCS)2] (green crystals) 
 
 
 
Figure 4-24 Packing along the a-axis of (8) [Cu
(II)
(dpk)2(NCS)2]. 
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Table 4-10 Significant bond lengths and angles for complexes (8), (9) and cuzu 
(which is (9) prepared by Serna).
[146]
 
 (8) (9) cuzu[146] 
 (Å) (°) (Å) (°) (Å) (°) 
Cu-N1 1.995(3)  2.016(3)  2.008(2)  
Cu-N2 2.217(3)  2.001(4)  2.012(2)  
Cu-N3 2.148(3)      
Cu-O1   2.395(5)  2.389(5)  
C11-O1 1.211(2)      
N3-C12 1.166(2)      
C12-S 1.649(2)      
N1-Cu-N2 
(bite) 
 85.93 
  
  
C6-C11-C5  119.30     
S-C12-N3  172.94     
N3-Cu-N3  95.73     
N3-Cu-N2  176.95     
N2-Cu-N1  95.18     
O1-Cu-O1    180.00  180.0(4) 
N2-Cu-N1 
(bite) 
   87.14  87.21(6) 
C7-C6-C5    108.3  108.3(1) 
O1-Cu-N2    76.21  74.16(5) 
O1-Cu-N1    74.65  76.12(5) 
N2-Cu-N1    92.86  92.79(6) 
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Figure 4-25 Packing along the b-axis of (8) [Cu
(II)
(dpk)2(NCS)2]. 
 
Complex (9) is a purple mononuclear octahedral copper(II) complex of formula 
[Cu
(II)
(dpk.H2O)2](NCS)2.H2O (Figure 4-26). This structure has been published 
previously by Serna et al.
[146]
, (CCDC code cuzu). The unit cell volumes of the 
crystals are very similar with 670.13 Å
3 
for
 
(9) and 675.2 Å
3
 for cuzu, as listed in 
Table 4-9. 
 
The molecular unit contains one six-coordinate copper(II) ion, with octahedral 
coordination, for which the cationic charge is counter-balanced by two non-bonding 
lattice bound thiocyanate anions. The copper(II) cation is coordinated to four N-atoms 
from two dpk.H2O ligands (Cu–N = 2.007–2.016 Å) and two O-atoms from the same 
two dpk.H2O ligands (Cu–O = 2.395 Å). The symmetry of the octahedral complex is 
demonstrated by the N1–Cu–N1, N2–Cu–N2 and O1–Cu–O1 angles all being 180°. 
The N1–Cu–O1 angle of 74.65, N2–Cu–O1 angle of 87.14 and the two N1–Cu–N2 
angles of 87.14 and 92.86 indicate that there is some distortion from true octahedral 
symmetry. The crystals exhibit triclinic, P-1, symmetry and the complex exists as 
ribbons which are held together through a series of H-bonds between dpk.H2O and 
non-coordinated water (2.671–2.712 Å), see Figures 4-26, 4-27 and 4-28. 
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Figure 4-26 Asymmetric unit of complex (9) [Cu
(II)
(dpk.H2O)2](NCS)2.H2O . 
 
Figure 4-27 Complex (9) trans-[Cu
(II)
(dpk.H2O)2](NCS)2 (purple crystals) 
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Figure 4-28 Packing of [Cu
(II)
(dpk.H2O)2](NCS)2 (9) along the b-axis 
 
4.3.6.  Picolinic Acid Complexes (10), (11) and (12) 
 
Complexes (10), (11) and (12) were prepared in a similar manner to (4) and (5) 
([Cu
(I)
(dpk)(NCS)]n), but with acetophenone, Figure 4-29, being used instead of 
acetone. Over a period of five weeks complexes (10) [Cu
(II)
(pic)2]Na2(NCS)2.2H2O  
and (11) Na2[Cu
(II)
(pic)2(NCS)2](H2O)2 were isolated, whereas complex (12) 
[Cu
(II)
(pic)2]·Na2 [Cu
(II)
(pic)2(NCS)2] formed over three months. All the complexes 
were obtained by allowing the metal-ligand-solvent mixture to evaporate slowly at 
ambient temperature. In the preparation, the only variable was the laboratory 
temperature, and while this should be constant, it can fluctuate between the summer 
and winter months. All three complexes contain the picolinate anion (2-carboxyl 
pyridine) “pic” as illustrated in Figure 4-29. Due to twinning; the single crystal data 
obtained for complex (12) was quite poor with a rather high R-factor of 9.84%. 
Despite repeated attempts, the preparation of further crystals of (12) was 
unsuccessful, although a physical mixture of crystals of its two components (10) and 
(11) were isolated in low yields (~1%), but without twinning. The slow evaporation of 
acetophenone appears to be a crucial factor, since in the formation of (12), three 
months were required to obtain the crystals, whereas the isolation of (10) and (11) 
was achieved after a five week period.   
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N C
pic
N
O
N
dpk
O
acetophenone O
O
 
Figure 4-29 Structures of acetophenone, pic and dpk. 
 
 
4.3.6.1. FTIR of (10), (11) and (12) 
 
The crystals of complexes (10) [Cu
(II)
(pic)2]Na(NCS)2 and (11) 
Na2[Cu
(II)
(pic)2(NCS)2].2H2O could not be separated manually; so the FT-IR 
spectrum is a composite of the two complexes (Figure 4-30) and has a band at 
2075cm
-1 
(
#
)
 
 indicative of S-coordinated thiocyanate, and a strong stretch at 1650cm
-1
 
(*) which indicates the presence of a carbonyl group in a carboxyl group. The FT-IR 
spectrum of complex (12) is similar of that observed for (10) and (11)¸with a split 
band at   2062 cm
-1
  and 2084 cm
-1 
(
#
) indicative of S-coordinated thiocyanate 
(attributed to solid-state splitting). A strong stretch at 1640 cm
-1
 (*) indicates the 
presence of a carbonyl group.  The FT-IR spectra of all three complexes show no 
evidence for the presence of dpk and this was further confirmed by single-crystal data.  
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Figure 4-30 FTIR spectra of [Cu(pic)2]Na(NCS)2 (10), Na2[Cu(pic)2(NCS)2].2H2O 
(11) and Na2 [Cu(pic)2(NCS)2] [Cu(pic)2]  (12) (where 
#
 = ~2070 cm
-1
 and                  
* = ~1645 cm
-1
). 
 
   # 
   # 
   * 
    * 
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4.3.6.2. Crystal Structure – Complex (10) 
 
Crystal data for (10), (11) and (12) is summarised in Table 4-11. The crystals of (10) 
[Cu
(II)
(pic)2]Na2(NCS)2.2H2O exhibit triclinic, P-1, symmetry. The asymmetric unit 
of (10) consists of half a copper centre, one picolinate (pic) ligand, one sodium cation, 
one thiocyanate anion, one water molecule and a disordered benzoic acid molecule. 
The crystal structure shows no evidence of the dpk ligand in the structure, rather the 
ligand has undergone a unique C–C bond cleavage, which has not been reported 
previously in the literature, to form the 2-picolinate anion (pic) (Figure 4-29). The pic 
ligands chelate to Cu(II) ions and simultaneously bridge to sodium ions that are 
electrostatically ordered throughout the crystal lattice. 
 
The disordered molecules appear to be benzoic acid which has arisen from oxidative 
cleavage of acetophenone (Figure 4-31). This is not surprising because the oxidant 
that cleaved the dpk would be able to do the same to any other ketone species in the 
reaction mixture. The disordered benzoic acid could not be removed using the 
SQUEEZE program as in previous structures, as the molecules are involved in the 
extended crystal structure. 
 
 
 
 
Figure 4-31 Disordered benzoic acid in (10) 
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Table 4-11 Summary of single crystal XRD data for compounds (10), (11) and (12). 
 
 (10)
 
(11)
 
(12)
 
Empirical 
formula 
C7 H6 Cu0.5 N2 Na O5 S C7 H7 Cu N2 Na O S 
C12 H0.33 Cu1.33 N0.67 
Na0.67 O2 S1.33 
Molecular 
weight 
333.00 253.78 325.59 
Crystal Class Triclinic Monoclinic Triclinic 
Space Group P-1 C2/c P-1 
a, Å 7.580(3) 18.913(8) 7.734(15) 
b, Å 10.008(4) 7.432(3) 9.540(10) 
c, Å 10.200(5) 14.580(7) 11.364(19) 
α, (°) 67.168(4) 90 95.460(11) 
β, (°) 88.318(4) 105.632(5) 107.546(16) 
γ, (°) 68.012(4) 90 109.798(13) 
V, Å
 3 
655.16(5) 1973.72(15) 733.8(2) 
Z 2 8 3 
Crystal, 
colour 
Blue-block Blue-block Blue-platelet 
Temp (K) 130.0 130.0 293(2) 
Rad 
wavelength  
/ Å 
0.71073 1.54184 1.54184 
Radiation 
type 
MoKα CuKα CuKα 
θ min-max /° 2.93-29.25 4.86-73.95 4.18-72.82 
Index ranges –9  h  9 –23  h  22 –9  h  9 
 –11  k  12 –9  k  6 –9  k  11 
 –13  l  13 –14  l  18 –13  l  14 
No. of 
reflections 
2299 1779 2855 
R1[F
2
 > 2σ 
(F
2
)] 
0.0404 0.0329 0.0984 
wR[F
2
] 0.1054 0.0887 0.3570 
S 1.025 1.052 1.376 
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The empirical formula, without the disordered molecules, is ([Cu0.5(C6H4N1O2)] Na 
(NCS) (H2O)). The copper ion has square planar geometry, and is coordinated to two 
nitrogen atoms (Cu–N = 1.966 Å) and two oxygen atoms (Cu–O = 1.952 Å) from two 
identical pic ligands giving a molecular formula of Cu(pic)2Na2(NCS)2.2H2O for (10). 
Table 4-12 contains a summary of significant bond lengths and angles for compounds 
(10), (11) and (12). The +2 charge on the copper ion and the +1 charge on the two 
sodium cations are counter-balanced by the two monoanionic pic ligands and the two 
thiocyanate anions. 
 
In complex (10) it is interesting to note that the thiocyanate does not coordinate to the 
copper centre or assist in the bridging of the complex. Rather it is held by electrostatic 
interactions between the sodium cation and oxygen atoms from the pic (Na···O = 
2.432–2.639 Å) and the disordered benzoic acid molecules (Na···O = 2.973Å) which 
form the continuous 2-D polymer network (Figures 4-32 and 4-33). The sodium 
cation also interacts with the nitrogen from the thiocyanate (Na···N = 2.321 Å) and a 
water molecule (Na···O = 2.315 Å), however they are not involved in the bridging.  
 
 
Figure 4-32 Complex (10) [Cu(pic)2]Na2(NCS)2.C6H5COOH.H2O 
    
The N–Cu–O “bite” angle on the pic ligand is 83.56°, and N–Cu–O angle between the 
pic ligands is 96.44°. In addition to this, the angles across the copper centre, that is the 
N–Cu–N and O–Cu–O angles, are 180°, with the aromatic planes deviating slightly 
from one another with a distance of 0.197 Å, indicating the Cu
2+
 is exhibiting 
essentially square planar co-ordination.  
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Table 4-12 Significant bond lengths/interactions and angles for (10), (11), (12) and 
WIGGOI 
[172]
 
  
 (10) (11) (12) WIGGOI
[172]
 
 (Å) (°) (Å) (°) (Å) (°) (Å) (°) 
Cu1–O1 1.952(2)  1.967(2)  1.988(5)  1.944(3)  
       1.952(3)  
Cu1–N1 1.966(3)  1.977(2)  1.939(8)  1.960(3)  
       1.970(3)  
Cu1–S1   2.960(7)  2.935(2)    
Cu2–O3     1.955(4)    
Cu2–N2     1.982(9)    
Na1···N3     2.39(1)  2.388(4)  
Na1···N2 2.322(4)  2.349(3)      
Na1···O1 2.637(3)  2.540(2)  2.566(5)  2.750(3)  
Na1···O2 2.557(2)  2.413(3)  2.474(7)  2.555(4)  
 2.433(3)  2.252(3)      
Na1···O3 2.316(3)  2.274(3)      
Na1···O4 2.973(9)    2.303(7)  2.355(4)  
N1-Cu1-N1  180.0(1)  180.0(9)  180.0(3)  175.8(1) 
N2-Cu2-N2      180.0(3)   
O1-Cu1-O1  180.0(9)  180.0(9)  180.0(3)  171.8(1) 
O3-Cu2-O3      180.0(2)   
S1-Cu1-S1    180.0(2)  180.0(7)   
O1-C6-C5      116.9(7)  124.1(4) 
        125.4(4) 
C7-S1-Cu1      94.9(3)   
N3-C7-S1      179.0(9)   
N2–C7–S1  178.9(3)  179.1(3)     
O1–Na–O2  51.68(9)  53.26(8)     
O2–Na–O2  78.2(1)  82.80(9)     
O1–Na–O4  159.7(2)       
O1–C6–O2  123.8(3)  124.0(3)     
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Figure 4-33 Packing of (10) [Cu
(II)
(pic)2]Na2(NCS)2.2H2O  viewed along a-axis 
 
4.3.6.3. Crystal Structure – Complex (11) 
 
The crystals of (11) Na2[Cu
(II)
(pic)2(NCS)2].2H2O exhibit monoclinic, C2/c 
symmetry, and like (10), the structure does not show evidence of dpk.  The 
asymmetric unit of (11) contains half a copper centre, one pic ligand, one sodium 
cation, one thiocyanate anion and one water molecule. The empirical formula is thus 
Na[Cu0.5(C6H4N1O2)(NCS)](H2O), so, the molecular unit of (11) has the composition: 
trans-Na2[Cu
(II)
(pic)2(NCS)2](H2O)2 (Figure 4-34). The copper centre has octahedral 
geometry, with the Cu(II) ion coordinated to two nitrogen atoms (Cu–N = 1.979 Å) 
and two oxygen atoms (Cu–O = 1.969 Å) from the pic ligand, and two sulphur atoms 
(Cu–S = 2.959 Å) from a thiocyanate anion in a trans configuration. See Table 4-12 
for a listing of significant bond lengths and angles.. The +2 charge on the copper and 
the +1 charges on the two sodium cation are counter-balanced by the two anionic pic 
ligands and the two thiocyanate anions.  
 
The N–Cu–O “bite” angle on the pic ligand is 83.27°, and the N–Cu–O, the angle 
between the two pic ligands is 96.73°, both of which are similar to that observed in 
complex (7). The N–Cu–S and O–Cu–S angles were found to be 92.80° and 92.09°, 
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respectively. Similarly the angles across the copper centre, that is the N–Cu–N, O–
Cu–O and S–Cu–S angles are 180°, with the aromatic planes deviating from one 
another with a distance of 0.283 Å, indicating the regularity of the octahedral 
stereochemistry about the copper(II) ion.   
 
 
Figure 4-34 Molecular unit of (11) Na2[Cu
(II)
(pic)2(NCS)2].2H2O. 
 
Complex (11) exists as a 2-D network (Figures 4-35 and 4-36) held together through 
ionic sodium interactions, like those observed in complex (10) 
[Cu
(II)
(pic)2]Na2(NCS)2.2H2O. In complex (10) there are six interactions to each 
sodium, however in complex (11) there are only five interactions per sodium and they 
occur between oxygen atoms on the pic ligand (Na···O = 2.252-2.539 Å) and the 
water (Na···O = 2.258 Å), as well as a nitrogen atom on the thiocyanate anion 
(Na···N = 2.348 Å).   
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Figure 4-35 Packing of Na2[Cu
(II)
(pic)2(NCS)2].2H2O (11) viewed along b-axis 
 
 
Figure 4-36 Packing of Na2[Cu
(II)
(pic)2(NCS)2].2H2O (11) viewed along c-axis 
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4.3.6.4. Crystal Structure – Complex (12)     
 
The crystals of (12) [Cu
(II)
(pic)2]·Na2 [Cu
(II)
(pic)2(NCS)2] exhibit triclinic, P-1 
symmetry, the same as that observed for complex (10) [Cu
(II)
(pic)2]Na2(NCS)2.2H2O, 
and, like (10) and (11) (Na2[Cu
(II)
(pic)2(NCS)2](H2O)2), the structure again shows no 
evidence of dpk. Although, unlike (10), which contains one square planar copper 
centre, or (11), which contains one octahedral copper centre, (12) contains two 
crystallographically distinct copper centres, one square planar and the other 
octahedral, and is essentially a composite of (10) and (11).  
 
The asymmetric unit of (12) consists of half of each of the two copper complexes, and 
one sodium cation giving the empirical formula [Cu0.5(C6H4N1O2)(NCS)]Na∙ 
Cu0.5(C6H4N1O2)] . The two copper centres are crystallographically distinct. The first 
Cu(II) ion has square planar geometry, coordinating to two nitrogen atoms (Cu–N = 
1.982 Å) and two oxygen atoms (Cu–O = 1.955 Å) from two identical picolinate 
anionic ligands, which counter-balance the +2 charge on the copper.  
 
The second Cu(II) ion has octahedral geometry, coordinating to two nitrogen atoms    
(Cu–N = 1.939 Å) and two oxygen atoms (Cu–O = 1.988 Å) from two identical 
picolinate ligands, and two sulphur atoms (Cu–S = 2.935 Å) from two thiocyanate 
anions confirming the IR data suggesting S–coordinated NCS–. Each sodium cation is 
held by strong electrostatic interactions between four oxygen atoms (Na···O = 2.295–
2.566 Å) from the picolinate ligands, as well as one nitrogen atom (Na···N = 2.388 Å) 
from a thiocyanate anion (See Table 4-12 for a summary of significant lengths and 
angles). The charges on the copper(II) and sodium cations are counter-balanced by the 
mono anionic picolinate ligands and thiocyanate anions.  
 
Overall, the combination of the two copper centres observed in complex (12) appears 
to be a composite of complexes (10) and (11). Thus, the molecular unit of (12) has the 
composition: Na2[Cu
II
(pic)2(NCS)2][Cu
II
(pic)2], see Figures 4-37 and 4-38, which 
exists as a 3-D network held together through ionic sodium interactions. The N–Cu–O 
“bite” angles of the pic ligand (83.67° and 83.89°) are comparable to those observed 
in other copper complexes containing pic which have corresponding angles of 
83.37°
[173]
 and 83.47°.
[174]
 The thiocyanate anion is almost linear with a N–C–S angle 
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of 178.96°, although the Cu–S–C angle, 94.86°, is close to a right angle. The N–Cu–
N, O–Cu–O and S–Cu–S angles are all perfectly linear, with angles of 180°. The 
planes of the neighbouring pic ligands in both copper centres are co-planar, but the 
aromatic planes on neighbouring ligands differ slightly from one another with a 
distance of 0.100 Å and 0.113Å between them (See Figure 4-38).       
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Figure 4-37 Interactions observed with neighbours in complex (12)             
[Cu
(II)
(pic)2]·Na2 [Cu
(II)
(pic)2(NCS)2]    
 
 
Figure 4-38 Packing of (12) [Cu
(II)
(pic)2]·Na2[Cu
(II)
(pic)2(NCS)2]   viewed along a-
axis 
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The adventitious incorporation of the sodium cation in the crystal lattice of a 
copper(II)-picolinic acid complex has been observed previously  in the compound 
NaCu(pic)2(N3)(H2O)2 (CCDC code WIGGOI).
[172]
This complex was formed through 
the reaction of copper(II) nitrate with picolinic acid and sodium azide. Like the 
thiocyanate ion in complex (12), the isostructural azide anion also acts as a bridging 
ligand, coordinating to the copper(II) ion and interacting with the sodium cation. The 
anionic pic ligand in WIGGOI also coordinates to the copper centre and has strong 
electrostatic interactions with the sodium. All bonds have comparable distances to 
those observed in (12) and the interactions are similar as well (see Table 4-12), 
although there are small deviations in the angles observed. In particular, the O–C–O 
angle from the carboxylate, and the linearity observed across N–Cu–N, O–Cu–O and 
S–Cu–S bonds which are seen in (12), are not as clearly defined in WIGGOI.     
 
Complexes (10) [Cu
(II)
(pic)2]Na2(NCS)2.2H2O, (11) Na2[Cu
(II)
(pic)2(NCS)2](H2O)2 
and (12) [Cu
(II)
(pic)2]·Na2[Cu
(II)
(pic)2(NCS)2] are all structurally quite similar; 
however their global packing is quite different. All three complexes are able to form 
ionic networks through sodium cation interactions. Complexes (10) and (11) have 
additional species in the crystal structure, be it water or benzoic acid, but this was not 
observed in complex (12). In all three complexes the sodium cation clusters form 
dimeric units, for example, in (12) the Na
+
···Na
+
 non-bonding distance is 3.703 Å and 
the O···O non-bonding distance is 3.011 Å (The corresponding distances observed in 
(10) and (12) for the Na
+
···Na
+
 non-bonding distances are 3.641 and 3.502 Å, 
respectively and the O···O non-bonding distances are 2.963 and 3.081 Å, 
respectively). 
 
 In complex (12) the sodium cation connects the copper ions in two ways. The first is 
by interacting with the oxygen atoms on the pic ligand (from the square planar 
copper) and nitrogen atoms on thiocyanate (from the octahedral copper), thus forming 
a polymer chain of alternating copper species in the sequence, octahedral copper-
sodium-square planar copper-sodium, and this unit is repeated along the chain. The 
second is by connecting the chains together to form a sheet, and this occurs through 
sodium interactions between neighbouring oxygen atoms on the pic ligand from the 
octahedral copper. The distances between the square planar copper centres, between 
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the linking chains, is 10.042 Å, which is identical to the corresponding distance 
between the octahedral copper centres, as illustrated in Figure 4-39.   
 
 
Figure 4-39 Distances between chains in complex (12) 
[Cu
(II)
(pic)2]·Na2 [Cu
(II)
(pic)2(NCS)2] 
 
4.3.6.5.  Chemical and Mechanistic Considerations  
 
The formation of the 2-picolinate anion (pic) from dpk has not been reported 
previously, although, pic has been synthesised through the degradation of bis(2-
pyridylketone) (bpk) (Figure 4-40) via a C–C bond scission.[25, 29, 173, 175] The structure 
of bpk contains two pyridyl rings, which is similar to dpk, but where dpk has one 
keto-carbonyl, bpk has two, presenting an additional site for coordination. When 
coordinated to a metal centre bpk can also undergo metal-promoted hydration, which 
has been suggested as the initial step in the formation of the pic ligand. In each 
reported case, the reaction mixture which gave rise to the pic ligand included a redox-
active M(II) cation (where M = Cu, or Mn) and bpk  in methanolic solution.
[29, 173]
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N N
O O
 
 
Figure 4-40 Structure of bis(2-pyridylketone) (bpk) 
 
In order for pic to form, from dpk, the ligand must undergo oxidative cleavage of a C–
C single bond. This type of bond scission normally requires high temperatures, but in 
this instance it has occurred at room temperature, albeit over a long period of time; 5 
weeks for complexes (10) [Cu
(II)
(pic)2]Na2(NCS)2.2H2O and (11) 
Na2[Cu
(II)
(pic)2(NCS)2](H2O)2, and 3 months for complex (12)                   
[Cu
(II)
(pic)2]·Na2 [Cu
(II)
(pic)2(NCS)2]. 
 
The oxidative cleavage of the OC-pyridyl bond in unbound dpk can be summarised by 
the redox half-reactions (using O2 as an oxidant) shown in Scheme 4-5. 
 
Py C
O
Py + 2H2O Py C
O
OH
(pic.H)
+ HO Py + 2H
+
2e
–
+
½ O2 + 2H
+
2e
–
+
H2O
Py C
O
Py + ½ O2 + H2O Py C
O
OH
(pic.H)
+ HO Py
(dpk)
 
 
Scheme 4-5 Suggested formation of pic from dpk through oxidative cleavage. 
 
It is not uncommon for copper to assist in redox reactions involving oxygen, and this 
is what may have occurred in this instance, although at this time it is not possible to 
specify which oxidation states of copper are involved, or which oxygen species 
(oxygen O2, superoxide O2
–
, or peroxide H2O2) activate the reaction.
[176-177]
 One 
possible reaction sequence is summarised in Scheme 4-6.  
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N N
O
M
H2O
N N
OH
M
OH
C
C
N N
OH
M
O
N
M
O
O
oxidative cleavage
 of C–C bond
Possibly involving
Cu
2+
/Cu
+
, O2, O2
–
, H2O2
N
O
H
+
+
other oxidized organic 
fragments
N
OH
 
 
Scheme 4-6  Possible sequence for the formation of (10) 
[Cu
(II)
(pic)2]Na2(NCS)2.2H2O, (11) Na2[Cu
(II)
(pic)2(NCS)2](H2O)2   and (12) 
[Cu
(II)
(pic)2]·Na2 [Cu
(II)
(pic)2(NCS)2]. 
 
The sequence proposed above represents one possible route to the formation of (10), 
(11) and (12), but it should be noted that the reaction effectively involves the 
conversion of a ketone to a carboxylic acid (Scheme 4-7). This suggests that the 
Baeyer-Villiger (BV) rearrangement may also provide a plausible mechanism for the 
process occurring in the present reaction: 
 
Py C
O
Py Py C
O
PyO Py C
O
OH
+
Py OH
oxidant
ketone
ester carboxylic acid alcohol/phenol
hydrolysis
 
Scheme 4-7 Baeyer-Villiger rearrangement. 
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The BV rearrangement (oxidation) is a standard reaction used in organic synthesis for 
the conversion of ketones to esters. In 1899 Adolf von Baeyer and Victor Villiger 
discovered that a ketone could be transformed into an ester, or a cyclic ketone into a 
lactone,
[178-180]
 by treatment with a peracid.  
 
The usual oxidant is H2O2 or a peroxyacid RCO2OH as shown below: 
 
R C
O
R
Ketone
HO OH
or
R' C
O
O OH
R C OR
O
+ H2O
+ R' C
O
OH  
 
Such a reaction can take 1-2 weeks, or more to proceed.
[178]
 For example: 
 
BV
Peroxybenzoic acid/ benzene 
~10 days
O
18
O
O
18
 
 
In the present case the most plausible oxygen species is hydrogen peroxide, formed 
via: 
 
2 Cu
+
  +  O2  + 2H
+
               H2O2  +  2Cu
2+
 
 
These types of oxygen species are becoming more common as a „greener‟ oxidant 
route to activate BV reactions, rather than peracids.
[176]
 In addition to this, transition 
metals and transition metal complexes have been used as catalysts in BV 
reactions,
[181]
  therefore it may be possible that the presence of copper may influence 
this reaction.   
 
The accepted “Criegee Mechanism” for the BV reaction is presented in Scheme 4-8. 
Initially, the ketone can be protonated to form a carbocation intermediate which can 
then undergo a nucleophilic attack by the deprotonated peracid, forming what is 
known as the “Criegee intermediate”.[182-183] This tetrahedral intermediate species is 
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unstable, with migration of the carbon fragment attached to the carbonyl group 
yielding an ester. The ester may then undergo hydrolysis to form a carboxylic acid 
and alcohol (Schemes 4-6 and 4-8 ). 
 
Coordination of dpk is known to activate the keto-carbonyl, as observed in complexes 
(6) [Cu
(II)
2(dpk.acetone)2(NCS)2] and (9) [Cu
(II)
(dpk.H2O](NCS)2, which were 
mentioned earlier in this chapter, where dpk underwent either a mixed-aldol 
condensation or hydration. In both these instances it is clear that the nucleophilic 
nature of the carbonyl has been enhanced due to metal coordination. Thus, the keto-
group could readily react according to Scheme 4-8, in which an anionic peroxo-
species is the attacking agent, as suggested by the BV mechanism.  
 
R C R
O
H
R C R
OH
R C R
OH
O
O C
O
R'
"Criegee Intermediate"
R C
O
O
R
+
R' C
O
OH
R' C
O
O O
protonation
of ketone 
carbonyl
nucleophilic
attack
R-group
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hydrolysis
of ester
R C
O
OH
+
R' OH
 
Scheme 4-8 BV rearrangement and Criegee intermediate 
 
In the case of dpk, 2-picolinic acid (pic-H) and the 2-pyridinol form (Schemes 4-5, 
4-6 and 4-9 ); the deprotonated pic is coordinated to the copper, whilst the 2-pyridinol 
remains in solution.  
 
Since the BV rearrangement appears to have occurred with the dpk, other ketones 
within the reaction mixture may also be able to react in a similar way. Therefore, in 
the reaction mixture containing acetophenone the BV rearrangement could form 
either benzoic acid and ethanol, or phenol and acetic acid, or a combination of both.  
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Scheme 4-9 Possible reaction sequence for Baeyer-Villiger rearrangement of dpk to pic  
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The presence of phenol was confirmed by the addition of ferric chloride to the mother 
liquor, thus verifying the usual BV reactions expected for an aromatic ketone. The 
phenol gave a characteristic red colour which was not observed on addition of 
aqueous ferric chloride to acetophenone or dpk. Therefore, the benzoic acid has arisen 
from a parallel, but far less kinetically favourable BV reaction. This fact is supported 
by the very low yield of product isolated, where  the formation of benzoic acid from 
acetophenone was observed as a disordered intercalate within the crystal structure of 
complex (11) Na2[Cu
(II)
(pic)2(NCS)2](H2O)2  (Figures 4-32 and 4-33). 
  
4.4. Conclusion  
 
Reaction of the Cu(I) species Cu2X2 (where X= NCS
–
 and I
–
), in the presence of 
excess X
–
, with dpk in aqueous acetone, produced three new copper(I) compounds 
and a novel copper(II) complex. These included two Cu(I) polymeric complexes (4) 
and (5) [Cu
(I)
(dpk)(NCS)]n, a dinuclear homoleptic Cu(II) compound (6) 
[Cu
(II)
2(dpk.acetone)2(NCS)2], and a neutral Cu(I) dimeric complex (7) 
[Cu
(I)
2(dpk)2I2]. Complexes (4) and (5) are polymorphs, forming polymeric structures 
in a syndiotactic and isotactic configuration, respectively, and are intermediates in the 
formation of (6). Complex (6) formed as a result of dissolution and oxidation of 
(4)/(5) followed by a transition metal-promoted mixed aldol condensation reaction 
between the solvent and the keto-carbonyl of (dpk) to form a covalent bond between 
the dpk and acetone. This produced the novel ligand, dpk.acetone, which has been 
observed for dpk  once before but not fully described.
[25]
 The magnetic behaviour 
observed in (6) is consistent with ferromagnetic coupling between the Cu(II) centres.  
 
Following the formation of (6) in the presence of acetone, the reaction of Cu2(SCN)2 
with excess SCN
–
 and stoichiometric amounts of dpk, in various other aqueous ketone 
and aldehyde solvents was investigated. Products were isolated from two of the 
solvent systems. In the methyl ethyl ketone system, complexes (8) [Cu
(II)
(dpk)2(NCS)2] 
and (9) [Cu
(II)
(dpk.H2O)2]
2+
(NCS)2 were isolated. Compound (8) is a neutral 
mononuclear Cu(II) compound, which preserves the dpk carbonyl group, whereas (9) 
is a mononuclear Cu(II) compound where dpk has been hydrated. Complexes (10) 
[Cu
(II)
(pic)2]Na2(NCS)2.2H2O and (11) Na2[Cu
(II)
(pic)2(NCS)2](H2O)2 were isolated 
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from an acetophenone solvent system. Complex (12), [Cu
(II)
(pic)2]·Na2 
[Cu
(II)
(pic)2(NCS)2], was isolated from another acetophenone solvent system as a 
mixed coordination Cu(II) compound. All three complexes contain coordinated 
picolinate, with thiocyanate and sodium ions in the crystal lattice. The formation of 
the picolinate arose from the cleavage of a C–C bond in dpk and can be rationalized 
on the basis of a Baeyer-Villiger rearrangement.  
 
The focus of the investigation into copper(I) complexes formed with dpk was to 
explore the luminescent behaviour of such complexes, and the possibility that they 
may be suitable as “dyes” in solar electro-chemical cells. In this respect, UV-Vis 
spectroscopy of all the copper(I) dpk complexes prepared here revealed promising 
results, as strong absorbance was observed across the entire visible spectrum. 
Fluorescence spectroscopy revealed that only the iodo-analogue (7) [Cu
(I)
2(dpk)2I2] 
exhibited weak MLCT, and the luminescence of the thiocyanate bridged polymeric 
copper(I) complex was quenched. 
 
The complexes also contained unbound carbonyl groups on the dpk with potential for 
binding to metal oxide semiconducting surfaces in DSSC. However, the insolubility 
of the complexes precluded their fabrication into solar cells, and therefore the 
potential binding mode could not be tested. Therefore, complexes (4), (5) and (7) 
were not considered appropriate candidates in terms of solar energy capture, despite 
their strong absorbance and binding potential.  
 
The other six complexes, (6), (8), (9), (10), (11) and (12) all contain copper(II) metal 
centres and therefore do not have the desired luminescent behaviour; hence they are 
not suitable for this energy capture process.  
 
Thus, the next phase of the work described in this thesis concentrated on developing 
new binding moieties for the attachment of polypyridyl metal complexes to 
semiconductor substrates for use in DSSCs with particular emphasis on Ru(II)/Ru(III) 
compounds.  
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5.1.  Summary 
 
 
In dye-sensitized solar cells (DSSC‟s) a strong chemical interaction “chemisorption” 
between the “dye” species and the semiconducting metal oxide surface (such as TiO2 
or WO3), is crucial for rapid and efficient electron transfer, and subsequently the 
generation of an electrical current.  
 
Initial studies, based on work previously reported in the literature, 
[1-24]
  and described 
in the introduction of this thesis, explored the synthesis and properties of ruthenium 
complexes which contained the highly polar carboxylate or phosphonate ionic linker 
groups. Although these ionically bound linkers have been studied extensively, and 
while they have been extremely successful, the surface binding of the carboxylate and 
phosphonate to metal is not stable over the full pH range, or to all solvents. To 
overcome this deficiency, a covalent linker was deemed necessary. This led to the 
adoption of a novel silyl ester linkage. The synthesis of two ruthenium complexes 
which contain a silatrane-propyl amide link on the (4,4'-dicarboxylic acid)-
2,2'bipyridine ligand are reported.  
CHAPTER 5  
Ruthenium bipyridine-type complexes 
incorporated into dye-sensitized solar 
cells. 
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In addition to this, an extensive study, which concentrated on synthesising pyridine-
type ligands with short distances between the silatrane linker and the pyridine ring, 
was undertaken. 
 
5.2. Introduction 
 
 
Bidentate N-heterocycles such as bipyridine (bipy) and „bipyridine-type‟ ligands are 
important building blocks for coordination complexes. In particular, those coordinated 
to ruthenium(II) have been explored extensively for their photochemical and 
photophysical behaviour.
[1-2]
 The bipyridine-type ligands tend to have substituents in 
the 4,4'-positions, which are usually anchoring groups that allow electron transfer 
between the metal species and the semiconductor to occur, for electricity generation.            
 
Currently, carboxylate and phosphonate linkages are the most commonly used 
anchoring groups for adhesion to semiconducting surfaces, and both have been 
explored extensively.
[2, 4-8, 16-18, 28, 35, 43, 45, 53-54, 113, 184]
 A linkage group which has not 
been explored to its full potential is the silyl linkage. Silanes have several advantages 
over the current carboxylate and phosphonate linkages as they are more stable over a 
wider range of pH‟s and solvents.[16, 57] The silyl interaction with the hydroxyl groups 
on the semiconducting TiO2 surface is quite strong, forming a Ti–O–Si–C bond. The 
two possible modes of a silane linkage to TiO2, containing either one, two or three 
covalent bonds, are illustrated in Figure 5-1.
[185]
 
 
One of the many reasons why silyl coupling has not been explored is the rather 
tedious synthetic procedure required to prepare appropriate precursor ligands.
[186]
 An 
in-situ synthetic method has been reported,
[185]
 whereby the first step involved 
modification of titania with organoalkoxysilane materials (3-
chloropropylmethoxysilane), followed by reaction with a 2-aminothiazole ligand, and 
finally coordination to a Pd(II) ion. This particular investigation focused on 
photocatalytic activity for the degradation of phenols, but it is still representative of a 
silyl linkage to a metal oxide. A silyl linkage has also been prepared by in-situ 
pyrazole silylation on the ruthenium complex, [Ru(py-pzH)3]
2+
 (where py-pzH=3-(2'-
pyridyl)pyrazole), Figure 5-1.
[47]
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where R = a palladium 2-aminothiazole complex 
 
 
Figure 5-1  Possible linkage of silyl to TiO2 
[47, 185]
  
 
Although these linkers have not been exploited to any degree in DSSC‟s,                     
Brennan et al.
[48]
 have investigated silicon-oxygen based linkages with SnO2 
semiconducting surfaces and found the silyl-ester bond a promising alternative linker 
to carboxylates and phosphonates. To this end, the potential for anchoring of „dyes‟ to 
metal oxides using silyl groups are explored within this chapter. 
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5.3. Results and Discussion 
 
5.3.1. Preparation and Characterization of Complexes 
 
A series of ruthenium coordination complexes containing either bis- or tris- bipy 
ligands were investigated in this study and are listed in Table 5-1.  
 
The bis-bipy ruthenium dye complexes were synthesised by refluxing ruthenium (III) 
chloride with various 2,2'-bipyridine derivatives  in DMF, under N2, to initially form 
the ruthenium(II) cis-dichloro species.
[53]
 These were then refluxed with excess 
NaNCS to form the cis-dithiocyanato species (see Scheme 5-1 for the overall reaction 
sequence). The N-coordinated thiocyanato group enables fine tuning of the physico-
chemical properties of such ruthenium species to optimise their function in a DSSC.  
 
The tris-bipy ruthenium complexes, whereby one of the bipy ligands contained a 
linker and the others were unsubstituted, were synthesised by refluxing Ru(bipy)2Cl2 
with various 2,2'-bipyridine derivatives in DMF under N2. Each complex was 
precipitated from solution by addition of excess NH4PF6 (See Scheme 5-2 for overall 
reaction).  
 
Table 5-1 Observed wavelength maxima and molar extinction coefficient data for 
ruthenium complexes (13)-(19). 
 
Dye Number λmax  (nm) ε (L mol
-1
cm
-1
) 
[Ru(bipy)2(dcbipy)](PF6)2 (13) 460 14350 
[Ru(bipy)2(dpbipy)](PF6)2 (14) 450 17600 
[Ru(bipy)2(bipy-sil)](PF6)2 (15) 457 10520 
[Ru(dcbipy)2Cl2] (16) 467 20790 
[Ru(dcbipy)2(NCS)2] N3 (17) 492 29630 
[Ru(bipy-sil)2Cl2] (18) 485 11070 
[Ru(bipy-sil)2(NCS)2] (19) 500 20750 
* The dcbipy, dpbipy and bipy-sil ligands in complexes (13)-(19) are shown in 
Scheme 5-1. 
  
~
 183 ~
 
RuCl3
N N
RR
+
Ru2+
N
Cl
N
ClN
N
R
R
R
R
Ru2+
N
NCS
N
NCSN
N
R
R
R
R
DMF
reflux
NaNCS
DMF reflux
C
O
OH
P
O
OH
OH
C
O
HN
Si
O
O
O
N
where R =
silatrane-amide
"bipy-sil"
phosphonate
"dpbipy"
carboxylate
"dcbipy"
(reduction)
 
Scheme 5-1 Overall reaction sequence for the formation of bis-chelated Ru(II) complexes  
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While the tris-chelated ruthenium complexes are known to be less efficient in terms of 
solar energy capture, not all of the ligands with anchoring groups could be 
incorporated into bis-chelated ruthenium complexes. For example, the dpbipy 
analogue could not be successfully prepared in a bis-form. Therefore, the tris 
complexes were used to compare the efficiency of various anchoring ligands and to 
make a reasonable comparison between existing ruthenium dyes and the dyes 
prepared here. 
RuCl3
N N
+
Ru2+
N
Cl
N
ClN
N
Ru2+
N
N
N
NN
N
DMF
reflux
DMF
reflux, then
N N
R R
R
R
2 PF6
–
NH4PF6
(reduction)
 
Scheme 5-2 Overall reaction sequence for the formation of tris-chelated Ru(II) 
complexes. 
 
Bipy ligands possessing  carboxylate and phosphonate linkers were incorporated into 
Ru(II) complexes, and various analogues of the ruthenium dye containing the tris-
bipy, cis-dichloro and cis-dithiocyanto type were prepared and examined using FT-IR, 
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1
H, 
13
C and, where possible, 
31
P NMR, UV-Visible, and fluorescence spectroscopic 
analysis.  
 
The current commercial dyes, N3 and N719 (Figure 5-2), contain carboxylate 
anchoring groups. There are very few commercial options for other linkers such as the 
phosphonate analogue, and none for the silyl. A silatrane ligand has been synthesised 
by Brennan et al.
[48]
 and successfully anchored to SnO2 but, adhesion of silyl groups 
to TiO2, or any other semiconducting surface, have not been exploited to their full 
potential. Also, the ligand used by Brennan et al. 
[48]
 contains a saturated propyl-chain 
which does not assist with electron transfer, as electron conduction is poor through the 
three carbon, non-conjugated chain.
[49]
 Electron transfer would be improved if a 
conjugated system was incorporated in the linker, rather than the propyl-chain, or if 
this chain was removed completely. 
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Figure 5-2  N3 and N719 Commercial Dyes
[38]
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The carboxylate functionalised dcbipy ligand was purchased from Dyesol and used 
without further purification. However, the phosphonate
[12]
 and silatrane
[48]
 analogues 
were synthesised in this work (refer to the “Materials and Methods” section of this 
thesis for a more detailed description of the preparation and characterization of these 
materials). 
     
Clearly, the most efficient dye complexes will be those that: (a) absorb the most light, 
(b) are able to transfer the excited electron to the semi-conductor substrate and (c) are 
readily reduced to the starting complex, to continue the photoexcitation redox cycle 
(See Figure 5-3). All seven complexes (13)-(19) satisfy condition (a), which was 
observed in their absorption data (refer to Table 5-1). But they require testing in a 
simulated solar cell to rate their efficiency in conditions (b) and (c). 
N N
Cu+/Ru2+
Ru3+Cu2+
AA
light (hv)
where A = anchoring group
TiO2 Semiconductor surface
e– e
–
Reductive regenerationReductive regeneration
Oxidative release of e–Oxidative release of e–
 
Figure 5-3 Schematic of dye complex absorbing light and transfering the excited 
electron to the semiconductor substrate. 
 
As mentioned earlier, (refer to the introduction chapter of this thesis), the surface 
binding of the carboxylic acid and phosphonic acid analogues is not stable across a 
wide pH range, however the silyl ester bond is, and this is one of its advantages. 
[47]
 
The tris-bipyridine based ruthenium complexes were found to desorb from TiO2 in 
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aqueous solution at pH ~4 for the carboxylate, and pH~7 for the phosphonate.
[47-48, 184]
 
The stability of the silyl linkage allows it to function over a wider pH range and in the 
presence of significant amounts of organic solvents.
[47]
 
  
In the past, the synthesis of silane materials was not reliable, but recently Brennan et 
al.
[48]
 introduced a method whereby the silane was protected by a silatrane group. The 
latter is resistant to hydrolysis, and thus the synthesis of silyl-functionalised ligands 
became a viable option. The reaction scheme for the preparation of bipy-sil is 
illustrated in Scheme 5-3, and details of the synthesis and characterisation are given in 
section 2.2.1.2.  
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Scheme 5-3 Reaction scheme for synthesis of bipy-sil 
[48]
 
 
The silatrane is able to bind to the metal oxide surface after mild heating, upon which 
the triethanolamine group is lost and a silyl ester bond is formed at the surface, 
according to the reaction shown in Figure 5-4. 
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Figure 5-4 Silyl linkage: “chemisorption” to TiO2. 
 
The ruthenium complex prepared by Brennan et al. 
[48]
 was bis(2,2'-bipyridine)-4,4-
dicarboxyl-(3-silatranylpropylamide)ruthenium(II) dihexafluorophosphate, and was 
anchored successfully to a SnO2 semiconducting surface (See Scheme 5-3). The same 
complex (15) [Ru(bipy)2(bipy-sil)](PF6)2 has also been prepared here. Two new 
ruthenium complexes (18) [Ru(bipy-sil)2Cl2] and (19) [Ru(bipy-sil)2(NCS)2] were also 
prepared and investigated for their performance in DSSC‟s. These complexes are 
similar in structure to existing bis-bipy type dyes in that they contain  ruthenium 
coordinated to two anchoring ligands and either two chloro- (18) or two thiocyanato- 
(19) anions, hence they do not require the non-bonding counter anions (PF6
 –) as 
reported in Brennan‟s complex (15), see Scheme 5-1.  
 
[Ru(bipy)2(bipy-sil)](PF6)2 (15) was prepared according to the method detailed by 
Brennan et al.,
[48]
 by coordination of bipy-sil to [Ru(bipy)2Cl2] (See Section 2.2.5.4) .  
[Ru(bipy-sil)2Cl2] (18) was prepared by coordination of the bipy-sil ligand to 
ruthenium trichloride, utilising  methods previously published, but replacing dcbipy 
with bipy-sil (See Section 2.2.5.7). [Ru(bipy-sil)2(NCS)2] (19) was prepared by 
reacting [Ru(bipy-sil)2Cl2] (18) with excess sodium thiocyanate (See Section 1.1.1.1) . 
In all cases the identity of the complexes was confirmed by FT-IR and 
1
H NMR 
spectroscopy (Refer to the “Materials and Methods” section of this thesis for a more 
detailed description of the preparation and spectral interpretation). 
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5.3.2. UV-Vis data  
 
UV-visible absorption studies of complexes (13) [Ru(bipy)2(dcbipy)](PF6)2, (14) 
[Ru(bipy)2(dpbipy)](PF6)2 and (15) [Ru(bipy)2(bipy-sil)](PF6)2 (See Figures 5-5 and 
5-6) were carried out in DMF solution at concentrations of 2mM, 3mM and 4mM. 
The molar extinction coefficients are averages of the three concentrations, and the 
spectra shown below are from the 3mM solutions. In the solid-state, all three 
complexes were orange-red in colour and this colour persisted when they were 
dissolved in solution.  
 
 
Figure 5-5  UV-Vis spectra of complexes (13), (14) and (15) (3mM, 350-600nm) 
 
 
Figure 5-6  UV-Vis spectra of complexes (13), (14) and (15) (3mM, 300-800nm) 
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In the spectrum of (13) [Ru(bipy)2(dcbipy)](PF6)2 one distinct band in the visible 
region between 400-600nm was observed with a λmax at 460nm. The mean molar 
extinction coefficient of (13) was calculated to be 14350 ± 320 L mol
-1
 cm
-1
 using the 
Beer-Lambert relationship, as expressed by Equation 2-2. See Table 5-1 for a 
summary of λmax and ε data.  
 
The UV-visible spectrum of the dpbipy complex (14) [Ru(bipy)2(dpbipy)](PF6)2 is 
similar to that of the dcbipy complex (13), with a broad band observed between 400-
500nm having a λmax at 450nm and a shoulder at about 425nm, with a second small 
band at 545nm. The structure of the absorption at 450nm, with one band having a 
shoulder within the visible region is characteristic of tris-bipy ruthenium complexes 
and arises from metal-to-ligand charge transfer (MLCT), from the metal t2 orbital to 
the excited t1 orbital, see Figures 1-3 and 1-11.
[11, 39]
 The mean molar extinction 
coefficient of (14) was calculated to be 17600 ± 640 L mol
-1
 cm
-1
. 
 
The UV-visible spectrum of the bipy-sil complex (15) [Ru(bipy)2(bipy-sil)](PF6)2 is 
similar to both (13) and (14), with a λmax at 457nm, but with a lower absorbance.    
The mean molar extinction coefficient of (15) was calculated to be                       
10520 ± 440 L mol
-1
 cm
-1
. 
 
As stated previously, tris-bipy ruthenium complexes have limited absorbance in the 
visible region, which has been observed here in the UV-visible spectra of complexes 
(13), (14) and (15). In all three complexes the bands are believed to arise from metal-
to-ligand charge transfer (MLCT) transitions.  
 
The UV-visible absorption studies of complexes (16) [Ru(dcbipy)2Cl2] and (17) 
[Ru(dcbipy)2(NCS)2] were carried out in acetonitrile solution. In the solid state, both 
(16) and (17) are dark red in colour, and this dark colour persisted in solution for 
complex (17), although complex (16) formed a red-pink solution. The UV-visible 
spectrum of complex (16) exhibited one broad absorption band from 410-510nm, with 
a pronounced shoulder from 420-440nm as can be seen in Figure 5-7 not unlike the 
absorbance profiles seen for (13) and (14). The absorption band of (16) had a λmax at 
467nm, with a corresponding mean molar extinction coefficient of                               
20790 ± 510 L mol
-1
 cm
-1
.    
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Figure 5-7 UV-Vis spectrum of complex (16) (3mM, 300-800nm) 
 
The UV-visible spectrum of complex (17), the commercial „N3‟ dye, displayed two 
intense broad absorption bands in the visible region; band (1) from 425-550nm with  
λmax(1) = 492nm and band (2) from 610-750nm with  λmax(2) =  685nm, as seen in 
Figure 5-8, which is characteristic of bis-bipy ruthenium complexes and has been 
observed with the N3 dye.
[17]
 For band (1) the molar extinction coefficient is                      
29630 ± 870 L mol
-1
 cm
-1
and for band (2) 23380 ± 690 L mol
-1
 cm
-1
 
 
 
Figure 5-8  UV-Vis spectrum of complex (17) „N3 dye‟ (3mM, 300-800nm) 
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UV-visible absorption studies of the bipy-sil complexes (18) and (19) were carried out 
in DMF solution. In the solid state both (18) and (19) are dark red in colour and this 
colour  persisted in solution. Like the commercial N3 dye, two broad bands were 
observed in the spectrum of (18) [Ru(bipy-sil)2Cl2], one in the UV region, band (1) 
from 340-370nm λmax at 365nm and a molar extinction coefficient of                        
12716 ± 180 L mol
-1
 cm
-1
, the second, band (2) from 440-540nm, with a λmax at 
485nm, and a molar extinction coefficient of 11070 ± 150 L mol
-1
 cm
-1
, as seen in 
Figure 5-9. 
 
 
 
Figure 5-9 UV-Vis spectrum of complex (18) (3mM, 300-800nm) 
 
The UV-visible spectrum of complex (19) [Ru(bipy-sil)2(NCS)2] is similar to that 
observed in complex (18). But the bands in (19) are better defined and contain a band 
in the UV-region ranging from 340-400nm (band (1)) with  λmax at 371nm and molar 
extinction coefficient of  20690 ± 485 L mol
-1
 cm
-1
, and the second visible band range 
from 460-530nm (band (2)) with a λmax at 500nm and molar extinction coefficient of    
20750 ± 487 L mol
-1
 cm
-1
. 
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Figure 5-10 UV-Vis Spectrum of complex (19) (3mM, 300-800nm)  
 
As expected, the bis-bipy ruthenium complexes absorbed more visible light than the 
tris-bipy ruthenium complexes, as indicated by the presence of two absorption bands 
and the higher ε values. The absorption bands have been assigned to metal-to-ligand 
charge transfer (MLCT) transitions, while the narrow intense bands at ~300nm 
observed in the UV region are attributed to ligand π-π* transitions. Complex (16) was 
slightly different, but does have a distinct shoulder, compared to the other three 
complexes in that only one band was observed, whereas in the others, two bands 
could be seen. 
 
5.3.3. Solar Cells  
  
All seven complexes were deposited successfully onto TiO2 and/or WO3 films 
supported on an FTO-glass (Fluorine doped Tin Oxide) wafer. This was achieved by 
immersing a TiO2 or WO3 annealed FTO-glass substrate into a 0.3mM solution of the 
dye species. The TiO2 substrates were purchased from Dyesol, and were annealed at 
450C for one hour in a tube furnace before use. The WO3 substrates were prepared 
by the School of Electrical and Computer Engineering at RMIT University, and 
annealed in a similar way to the TiO2 substrates. Complexes (13) 
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[Ru(bipy)2(dcbipy)](PF6)2, (14) [Ru(bipy)2(dpbipy)](PF6)2, (16) [Ru(dcbipy)2Cl2] and 
(17) [Ru(dcbipy)2(NCS)2]  were dissolved in acetonitrile or ethanol, and the substrate 
immersed in the solution for 24 hours. Complexes (15) [Ru(bipy)2(bipy-sil)](PF6)2, 
(18) [Ru(bipy-sil)2Cl2] and (19) [Ru(bipy-sil)2(NCS)2] were dissolved in DMF and 
then heated gently at approximately 70°C for one hour, under subdued light, in a glass 
container fitted with a condenser. The coated-substrates were then washed with 
ethanol, to remove excess dye, and air dried.  
 
A thin film of the dye solution coated the substrate, as evidenced by a colour change. 
Attempts to quantify the degree of binding of the dye to the coated substrates by FT-
IR or Raman spectroscopy were not successful, as there were no observable 
differences in the spectra of the pure semiconductor layer and that of the dye 
deposited on the semiconductor, despite an obvious change in the colour of the 
substrate. This is most likely due to the very thin film of the dye i.e. too low a 
concentration of the dye to be detected. As a result, the most effective way to 
determine whether the dye had adhered to the semiconductor was by visual 
comparison. Photos of the DSSCs produced using complexes (13) to (19) are shown 
in Figure 5-11. 
 
 
Figure 5-11 Photos of DSSCs produced using complexes (13) – (19) 
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The dye coated semiconductor was then assembled into a DSSC. This was done by 
first placing a heat-activated gasket, with a film thickness of 30μm around the dye-
coated surface. The gasket has the centre removed so that it forms a border around the 
dye coated area, and is used to bind the two FTO-glass plates together. The second 
FTO-glass plate has two holes drilled into it; this allows the electrolyte to be injected. 
However, before the electrolyte is injected, the two FTO-glass plates with the gasket 
sandwiched between them, is heated to ~60°C, thus essentially gluing the plates 
together. The liquid electrolyte is then injected through the two holes, followed by the 
addition of a heat activated gasket, to seal the cell. A schematic of the DSSC is shown 
in Figure 5-12 and the solar cell preparation is illustrated in Figure 5-13. The same 
method was used to prepare all of the samples for testing in a DSSC.        
 
 
 
Figure 5-12 Schematic of a DSSC, showing the composition of the layers 
 
 
1 2 3 4 5
 
 
Figure 5-13 TiO2 solar cell preparation – (1) Annealed TiO2, (2) Dye coated TiO2, (3) 
Dye coated TiO2 with gasket, (4) Second FTO-glass plate added and (5) Liquid 
electrolyte (I3
-
/I
-
) injected. 
  
The performance of the DSSC‟s was tested at the School of Electrical and Computer 
Engineering, RMIT University, using a custom-made solar cell testing station, with a 
simulated solar light source. The incident-photon-to-electron conversion efficiency 
Dye 
Titania 
Iodine/Iodide Electrolyte 
FTO-Glass 
FTO-Glass 
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(IPCE) was measured using a 1000W Xe lamp fitted with monochromators. The 
recorded current and voltage for each of the solar cells is listed in Table 5-2.  
 
Table 5-2 Current, voltage and efficiency of prepared solar cells on TiO2/FTO 
(complexes (13) – (19)) and WO3/FTO (complex (19)). 
Dye   Number Current 
(A) 
Voltage 
(mV) 
Fill 
factor 
(ff)
# 
Efficiency 
(%)
^
  
Power 
watt* 
[Ru(bipy)2(dcbipy)](PF6)2 (13) 180 394 0.5  0.04 70.92  
[Ru(bipy)2(dpbipy)](PF6)2 (14) 2.2 80 0.5 0.0001 0.18 
[Ru(bipy)2(bipy-
sil)](PF6)2 
(15) 50 100 0.5 0.003 5.0 
[Ru(dcbipy)2Cl2] (16) 1000 590 0.5 0.3 590 
[Ru(dcbipy)2(NCS)2] N3 (17) 1500 651 0.5 0.5 977 
[Ru(bipy-sil)2Cl2] (18) 100 350 0.5 0.02 35 
[Ru(bipy-sil)2(NCS)2] (19) 
TiO2 
400 410 0.5 0.09 164 
[Ru(bipy-sil)2(NCS)2]  (19) 
WO3 
1000 140 0.5 0.07 140 
 
#
 The fill factor was calculated using the following equation:
[2]
    
 
Equation 5-1 
VocIsc
VmppmppI
ff


  
 
mppI = Current measured at the power point (maximum), the power point is the  
              maximum product obtained from the cell voltage and current  
mppV = Voltage measured at the power point (maximum) 
Isc = Short-circuit current 
ocV  = Open-circuit voltage 
^
 The efficiency was calculated using the „Power conversion efficiency‟ equation 
(refer to Chapter 1- Equation 1-3)  
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* The power in watt units was calculated using the following equation:  
 
Equation 5-2 
 
)()()( ampvoltwatt IVPower                 
 
The voltage is the energy carried by the charge and in DSSCs this corresponds to the 
difference between the Fermi level (which is the energy of the electrons in a 
semiconductor under illumination), compared to the Nernst potential of the electrolyte 
redox couple.
[2]
 The macroscopic voltage and current are the sum total of all the 
individual molecular photo-excitation events. It is found that the array generates a 
voltage which can be modelled as a series of cells linked in parallel. Hence, the 
numerical value of the voltage is determined by the characteristics of the 
dye/semiconductor combination, and its capacity (total Joule/Coulomb) by the 
number of such molecular units in the array.
[2, 13-14, 34]
 
 
The current is directly linked to the efficiency of electron transfer between the 
semiconductor and the dye, and the reductive regeneration of the metal centre. The 
current can be modelled as a series sum of the number of electrons collected from 
each molecular event; it is this factor which is critical in the efficiency of photon-to-
electrical conversion, and will be dependent on the extent of coating, the tightness of 
dye binding, and the facilitation of e
-
 transfer from the dye to the semiconductor. 
[2, 7, 
13-14, 34]
 
 
The tris-bipy complexes (13) to (15) formed light yellow-orange layers on the 
semiconducting surface, the light colour of the dye on the surface implies that only a 
limited amount of dye has been adsorbed on the oxide. This in turn limits the amount 
of light which can be absorbed, and therefore a high current or voltage was not 
expected.  The main purpose of investigating the tris-bipy ruthenium complexes was 
to compare them with the bis-bipy complexes and note any effects of the anchoring 
ligands. 
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Of this group, the anchoring ligand which gave the best current, voltage and overall 
efficiency was dcbipy, while dpbipy gave surprisingly low results. However, the 
molar extinction coefficient of complex (14), [Ru(bipy)(dpbipy)](PF6)2, was the 
highest of the three tris-bipy complexes at 17603 L mol
-1
 cm
-1
, indicating strong light 
absorption. The bipy-sil compound (15) gave about 25% of the current and voltage 
observed for the dcbipy complex (13). The efficiency of this cell is therefore quite 
low; approximately one tenth (1/10) that of the dcbipy complex cell. This may be due 
to the bipy-sil ligand being incorporated into a tris-bipy ruthenium system, but may 
also be due to inefficient electron-transfer through the long saturated propyl chain of 
the linkers.     
 
More promising results were observed for the bis-bipy systems. Complex (16) 
[Ru(dcbipy)2Cl2],  formed a dark orange-red layer on the semiconductor surface. The 
voltage and current of the cell was good, with 1mA being recorded for the current and 
590mV for the voltage. These results improved for the dithiocyanato analogue, (17) 
[Ru(dcbipy)2(NCS)2] (the commercial N3 dye), which gave a dark orange-red layer on 
the semiconductor surface, and a measured current and voltage of 1.5 mA and 651 
mV, respectively. It must be noted that these values are rather low, when compared to 
the current and voltage of that observed by a number of authors, with the commercial 
dye measured using similar systems (see Table 5-3).
[19]
 There are however, slight 
variations in each of the reported systems: in the semiconductor surface, the 
electrolyte, the concentration of the dye, or the amount of time the cell was immersed 
in the dye solution. In the present work, the voltage recorded for (17) does not differ 
significantly from other systems; however the current is about 3-4 times lower. 
Therefore, the method of assembly may require perfecting to achieve currents 
observed in the literature. 
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Table 5-3 Comparison of voltage, current, fill factor and overall efficiency of 
complex (17) N3 dye.
[19]
 
 
Voc (V) Isc (mA cm
-2
) Fill factor ηcell (%) Power 
watt 
Ref 
0.651 1.5 0.5 0.5 975 This work 
0.698 17.9 0.56 7.4 12530 
[187]
 
0.662 14.5 0.55 6.8 9570 
[23]
 
0.55 10.4 0.52 2.99 5720 
[188]
 
0.70 15.0 0.74 7.8 1050 
[189]
 
0.61 6.4 0.42 6.1 3904 
[190]
 
0.640 5.0 0.76 10.4 3200 
[113]
 
0.660 7.9 0.76 10.4 5214 
[113]
 
0.670 11.5 0.74 10.3 7705 
[113]
 
0.720 18.2 0.73 10.0 13104 
[113]
 
 
Complex (18), [Ru(bipy-sil)2Cl2], formed a dark red layer on the semiconductor 
surface, but despite the appearance, the current (100 µA) and voltage (350 mV) were 
quite low, and if the fill-factor is assumed to be 50%, then the overall efficiency of the 
dye is 0.02%, which is incredibly low when compared to values of 6-10% observed 
by other authors for N3 (calculated using the power conversion efficiency equation, 
Equation 1-1, in the Introduction).  
 
Complex (19), [Ru(bipy-sil)2(NCS)2], gave a significant improvement in the current, 
voltage and overall efficiency when compared to (18). Like (18), (19) also formed a 
dark-red film over the TiO2, but while the same silyl ligand is contained in both 
complex (18) and (19), complex (19) also contains the thiocyanate anion which is 
known to improve efficiency and extend wavelength absorption. This was also 
apparent in the UV-visible spectrum of (19), see Figure 5-10. The measured current 
and voltage were 400 µA and 410 mV respectively, once again the fill factor was 
assumed to be 50%, therefore the overall efficiency of the dye is calculated to be 
0.09%. Thus, for (19), the voltage has increased by 60 mV, and the current has 
quadrupled, so that the overall efficiency has increased four-fold compared to that of 
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(18). Therefore, by changing the counter-anion the efficiency of the cell can be 
improved considerably.  
 
Amongst the solar energy community, there is also interest in using the intrinsic 
semiconductor, WO3, as a substrate in DSSC‟s, as WO3 can absorb light directly. 
When complex (19) was adsorbed onto a WO3 semiconductor substrate, the current 
measured (1000A) was significantly higher than that observed with the same 
complex adsorbed on TiO2 (400A), but, the voltage measurement was significantly 
lower at 140mV. The latter observation is attributed to a combination of low dye 
coverage, which may be due to poor adhesion of the dye to the substrate and the 
difference between the Fermi level of WO3, when compared to the Nerst potential.  
  
In summary, the measured current and voltage of the two new bis-ligand complexes 
(18) and (19) which contain silyl linkages, are both quite low, compared to that of 
dcbipy analogues (16) and (17). However, significant improvements to the overall 
efficiency were achieved by replacing the chloride counter ion with thiocyanate, and 
further improvements may be achieved through the modification of the silyl linker. It 
is known that the presence of saturated bonds in the bridge between the anchoring 
group and the dye lowers the efficiency of electronic coupling between the dye and 
semiconductor substrate.
[44]
 Thus, the non-conjugated propyl chain between the amide 
group and the silatrane in (18) and (19) is likely to reduce electron transfer 
significantly (Figure 5-14). 
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Figure 5-14 The long, non-conjugated propyl chain linker of bipy-sil to TiO2 
 
5.3.4. Synthesis of modified silyl linkers 
 
In a system where electron transfer between the dye and the semiconductor surface is 
crucial, the connection/linker either needs to incorporate conjugation, e.g. replace the 
propyl chain with a phenyl group, or the distance between the dye and substrate needs 
to be considerably shorter e.g. by removal of the amide-propyl group (Figure 5-15). 
The former option was considered, but the cost of the starting material proved 
prohibitive, and thus was not considered a viable option. More favourable options 
were: (a) direct addition of a silatrane group to the bipyridine ligand, (b) alternative 
binding through an amide linkage, or (c) an ester linkage (using a carboxylate group), 
as indicated in Figure 5-15.  
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Figure 5-15 Short silyl linkage options 
 
Ligands of this description were not available commercially, and therefore needed to 
be synthesised. The “direct linkage” (a) was investigated initially, by replacing 1-(3-
aminopropyl) triethoxysilane with tetraethylorthosilicate (TEOS), to produce the 
target ligand 4,4'-disilatrane-2,2'-bipyridine. Three different organic schemes, using a 
silatrane form of TEOS were trialled, to determine whether the formation of a direct 
C–Si bond was possible in a bipyridine ligand. These methods included (i) the use of 
a Grignard reagent (ii) a Pd-catalysed reaction, and (iii) a Butyl-lithium route. 
 
5.3.4.1. (a) Direct Linkage: (i) Grignard Reagent 
 
The first method was based on the utilization of a Grignard reagent, which is an 
excellent leaving group. The predicted reaction sequence, using 4,4'-dibromo-2,2'-
bipyridine (bipy-Br2)  as the starting material, is illustrated in Figure 5-16.  
                                                                                    
 
Chapter 5: Ruthenium Complexes 
~ 203 ~ 
Si
O
O
O
O
N
N N
Br Br
Magnesium turnings
THF, (I2 or C2H4Br2)
     reflux, N2
N N
BrMg MgBr
N N
Si
O
O
O
N
Si O
OO
N?
 
 
Figure 5-16 Grignard reaction sequence – Target ligand 4,4'-disilatrane-2,2'-
bipyridine. 
 
Two methods were investigated to activate the magnesium turnings, dibromoethane 
and iodide. The first method used dibromoethane with the magnesium turnings in a 
slight excess, but dibromoethane was found to be an ineffective activating agent for 
the bipyridine. A similar method, whereby 2-bromopyridine was reacted with 
magnesium powder and dibromoethane under sonication, has been reported in the 
literature,
[191]
 and was also found to be unsuccessful, therefore this result was not 
surprising, and iodine, a more aggressive activator, was employed in further 
syntheses. Iodine appeared to be more effective in activating the magnesium as 
oxidation at the magnesium surface was observed. However, reaction of the 
subsequent „Grignard reagent‟ with 1-ethoxysilatrane was ultimately unsuccessful, 
and NMR and mass spectroscopy confirmed that only the starting materials bipy-Br2 
and 1-ethoxysilatrane, were isolated.  
 
It is possible that the Grignard reagent never formed. While Grignard reagents are 
able to form with phenyl rings quite readily, pyridine rings generally prove to be more 
troublesome.  Nitrogen is more electronegative than carbon, and therefore the carbon 
π-orbitals may be more attracted to the nitrogen atom thus deforming the orbitals, and 
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consequently producing π-deficient pyridine rings.[180] In addition to this, the lone pair 
of electrons on the nitrogen are basic and not delocalised over the ring.   
 
It must also be noted that it is difficult to ascertain whether a Grignard reagent has 
been formed successfully, as isolation of the reagent is often not possible owing to its 
instability, and thus immediate use is preferential.  
 
Subsequently, a Pd-catalysed reaction was investigated as an alternative. 
  
5.3.4.2. (a) Direct Linkage: (ii) Palladium Catalysed  
 
The second route employed a Palladium-catalyst, Pd(PPh3)4. See Figure 5-17 for the 
predicted reaction sequence. The use of Pd-catalysts in organic synthesis has been 
studied extensively, in particular for the formation of C–C bonds. Indeed, in this 
thesis a Pd-catalyst was used successfully to form a C–P bond, in the synthesis of 4,4-
diphosphonic acid-2,2'-biypridine, (see Sections 2.2.2.9 and 2.2.5.3).
[12]
 However, the 
use of a Pd-catalyst with bipy may lead to deactivation of the Pd-catalyst as bipy can 
compete with the triphenylphosphine ligand for coordination to the metal centre. To 
limit this from occurring, a large excess of triphenylphosphine was added to the 
reaction  mixture.
[192-193]
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Figure 5-17  Pd- reaction sequence – Target ligand 4,4'-disilatrane-2,2'-bipyridine. 
 
The initial oxidative-addition of the Pd-catalyst is analogous to the formation of the 
Grignard reagent, where the carbon-halogen covalent bond is cleaved to form a new 
complex. The product was purified by distillation. The NMR data however indicated 
that only the bipyridine starting material was isolated. 
 
5.3.4.3. (a) Direct Linkage: (iii) Butyl-Lithium 
   
The third synthetic method involved the use of butyl-lithium, which out of all the 
methods attempted in forming a direct silicon-carbon bond, was the most successful.  
Riedmiller et al. have reported the successful reaction of n-butyllithium and 
tetraethoxysilane at -78°C under N2 to form 3-triethoxysilylpyridine.
[102]
 In general, 
this method was found to be successful for the formation of ortho- and meta- 
substituted bromo-pyridine systems, but para-substituted bromo-pyridine systems 
were not investigated. The Riedmiller et al. 
[102]
  method was adapted here using 4,4'-
dibromo-2,2'-bipyridine and 1-ethoxysilatrane instead of 3-bromopyridine and  
tetraethoxysilane.   
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NMR data of the product indicated that peaks corresponding to the silatrane group and 
aromatic groups were present, although not in the expected ratios. The compound 
decomposed quite rapidly, hence further analysis could not be undertaken, and for this 
reason was not chosen as a viable option, as the compound was not stable under 
atmospheric conditions.   
 
In summary, the formation of a direct Si–C bond from a Br–C bond in a para- 
substituted bromo pyridine ring was not found to be possible by any of the three 
organic routes, using TEOS. This may be due to the nitrogen inhibiting the formation 
of a direct bond, the insufficient reactivity of the ethoxy group to enable this 
formation, and/or the bulky nature of TEOS. Therefore, synthetic methods which 
incorporate a more reactive and a less-bulky group were investigated. 
5.3.4.4. (a) Direct Linkage: (iv) TMS-Cl and 1-chlorosilatrane    
 
The reaction of TMS-Cl with 4,4'-dibromo-2,2'-bipyridine successfully produced 4,4'-
di(trimethylsilyl)-2,2'-bipyridine (confirmed by 
1
H NMR, see Section 2.2.2.7), 
forming a direct-silicon bond. Unfortunately, the material was found to be extremely 
unstable and decomposed quickly in the presence of air. Attempts to react bipy-Br2 
with 1-chlorosilatrane were unsuccessful.     
 
5.3.4.5. (b) Amide Linkage: (i) TMS-Cl and 1-chlorosilatrane    
 
To determine whether a silicon-amide bond (Si–NH–C(O)) or a direct silicon bond  
(Si–C) to the pyridine ring would be possible, reaction of trimethylsilyl chloride 
(TMS-Cl) with an amide-pyridine or bromo-pyridine, followed by reaction with 1-
chlorosilatrane (a more reactive group than ethoxy), was investigated.  
 
N-(trimethylsilyl)pyridine-3-carboxamide has been prepared previously by            
Gilg et al. 
[104-105]
 The reaction of TMS-Cl with the model compound, nicotinamide in 
boiling hexamethyldisilizane was successful, forming an amide-silicon bond 
(confirmed by 
1
H NMR, see Section 2.2.2.5). However, reaction of nicotinamide with 
1-chlorosilatrane proved to be more difficult, with no reaction taking place.  
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A possible reason for this lack of reaction may be due to the bulkier nature of the 
silatrane group when compared to that of trimethylsilyl. There is also the possibility 
that the hexamethyldisilizane may compete with the chlorosilatrane for bonding to the 
ring, as it is may be possible that both hexamethyldisilizane and TMS-Cl contribute to 
the formation of an amide-silicon bond. Synthetic methods which did not incorporate 
hexamethyldisilizane were therefore investigated, but unfortunately, they were also 
unsuccessful.   
5.3.4.6. (c) Ester Linkage: (i) Carboxy-sil   
 
As methods (a) and (b) were unsuccessful, a carboxy-sil bond (Si–O–C(O)) was 
considered. This type of bonding has been observed previously with ferrocenyl 
carboxylic acid and 1-ethoxysilatrane,
[194]
 where, a carboxylic acid and a silatrane 
were reacted together in an azeotropic solvent to form 1-ferrocenecarboxysilatrane. 
This method was successful for Chen and co-workers,  
[194]
 with isolation of 1-
ferrocenecarboxysilatrane in good yields and crystals of suitable quality for single-
crystal XRD analysis.  Ferrocene is able to undergo similar reactions to those 
observed with aromatic compounds.  
 
Owing to the success of Chen et al.  
[194]
 a similar method using the reaction scheme 
illustrated in Figure 5-18 was explored.  However, as observed with the other routes,  
a mixture of starting materials was isolated. The NMR spectrum indicated the 
presence of aromatic and methylene protons,  however mass spectroscopy suggested 
that no new oxygen-silicon bond had formed. This result is not surprising,  as this 
bond is known to be quite unstable, decomposing rapidly.
[195]
 This point is further 
emphasized by the limited amount of research in this field.
[196]
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Figure 5-18 Carboxy-sil reaction sequence – target ligand 4,4'-dicarboxysilatrane-
2,2'-bipyridine.[194]   
 
5.4. Conclusion 
 
A series of ruthenium(II) complexes with bipyridine-type coordination were 
synthesised and incorporated into DSSCs and their respective current and voltage 
characteristics measured. Three of these were tris-bipy complexes containing 
carboxylate, phosphonate or silyl linkers, complexes (13) [Ru(bipy)2(dcbipy)](PF6)2, 
(14) [Ru(bipy)2(dpbipy)](PF6)2 and  (15) [Ru(bipy)2(bipy-sil)](PF6)2. The remaining 
four were bis-bipy based complexes with cis-dichloro or cis-dithiocyanato ligands.  
Two of the bis-bipy based complexes were new complexes that contained silyl 
linkers, complexes (18) [Ru(bipy-sil)2Cl2] and (19) [Ru(bipy-sil)2(NCS)2], the other 
two contained carboxylate linkers, complexes (16) [Ru(dcbipy)2Cl2] and (17) 
[Ru(dcbipy)2(NCS)2].  All of the complexes were characterised using FT-IR and/or 
NMR spectroscopic techniques, as well as UV-visible spectroscopy.  
 
All seven complexes were found to have the desired properties for solar energy 
capture and therefore were incorporated into solar cells, all with a TiO2 
semiconducting substrate, and one complex, (19), also with a WO3 semiconducting 
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surface. The current observed with the WO3 surface was significantly higher than with 
the TiO2 surface, however the voltage was lower.  
 
The performance and efficiency of all of the dyes, established by measurement of the 
current and voltage of their respective DSSC‟s, were calculated and compared to one 
another. The commercial carboxylate linker, dcbipy, was found to outperform the 
phosphonate linker, dpbipy, and the silyl linker, bipy-sil, with both the tris-bipy and 
the bis-bipy based complexes. The commercial N3 dye, complex (17) 
[Ru(dcbipy)2(NCS)2], performed significantly better than any of the new dyes 
prepared in this work. However, the silyl linker proved to be more efficient than the 
phosphonate linker in the tris-bipy based complexes.          
    
One of the reasons for such a large difference in efficiency is that the bipy-sil ligand 
contained a non-conjugated propyl chain which does not provide effective electron 
transfer, hence leading to a reduction in the current. Therefore, alternative shorter 
linkers were investigated. As the appropriate bipy-sil ligands were not available 
commercially, attempts were made to synthesise these ligands. Unfortunately, in this 
work, despite significant effort, the bipyridyl compounds with a direct Si–C bond, 
amide Si–NH–C(O) link, or ester Si–O–C(O) bond to silatrane, could not be obtained 
or were insufficiently stable under ambient conditions to allow their incorporation into 
Ru(II) complexes, and subsequent DSSC fabrication. It is however, believed that the 
silyl linkage will be an important component of more robust dyes used to sensitize 
metal oxide surfaces (TiO2, WO3, SnO2, etc) and it is therefore recommended that 
further studies be pursued in this challenging synthetic area.            
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The work described in this thesis concerned the synthesis of materials with light 
harvesting properties, which could be used for specific applications in particular dye 
sensitizing solar cell technology. The work involved exploring existing dye materials, 
mainly ruthenium coordination complexes, and also investigated some copper 
compounds.   
 
As copper had not been explored to the same extent as ruthenium in light harvesting 
complexes, stable copper(I) compounds with bipyridine-type coordination were 
investigated initially. 
 
Chapter Three described copper Ophen complexes, which were synthesised 
hydrothermally. Three complexes were isolated and characterised through single 
crystal XRD, the desired Cu(I) dimer, [Cu2(Ophen)2], and two complexes which were 
possible intermediate products in the formation of „covalent hydrates‟.[161] The Cu(I) 
dimer [Cu2(Ophen)2] exhibited a broad absorption peak in the visible region, although 
its luminescence behaviour was quenched in solution. However, whilst the Cu(I) 
dimer did possess some of the desirable properties for solar energy capture, the 
unpredictable nature of the hydrothermal preparation could not guarantee that Cu(I) 
species were isolated exclusively.  
Further Conclusions and 
Recommendations for Future Work 
CHAPTER 6  
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Nevertheless, copper(I) complexes provide an economical and environmentally-
friendly alternative to ruthenium (II) complexes in DSSC, and therefore it is 
recommended that copper(I) complexes be explored more extensively. In particular, 
copper(I) complexes which are stable, soluble in a range of solvents, and contain 
ligands with anchoring potential should be prepared. For example, a more concerted 
effort could be undertaken to prepare Ophen homologues containing solubilising 
functionalities, such as sulphonate (-SO3H). In addition, further work with phosphane 
ligand complexes should be undertaken to improve visible light absorption and 
solubility. 
 
Chapter Four also focused on copper complexes. In this section nine complexes were 
isolated and characterised through single crystal XRD, three of which were copper(I) 
dpk complexes, all of which exhibited strong absorbance across the entire 
electromagnetic spectrum. The fact that these Cu(I) dpk complexes were air stable 
makes them a desirable target, even though they were poorly soluble. As an extension 
of this work, modification of the dpk ligand should be explored to improve its 
solubility and adsorption properties.  
 
The remaining six complexes contained copper in the +2 oxidation state: one 
incorporating the novel dpk.acetone ligand, which formed through a novel transition 
metal-promoted mixed aldol condensation reaction between acetone and dpk;
[197]
 and 
three containing picolinate which arose from cleavage of an ArC–CO bond in dpk as a 
result of a Baeyer-Villiger type reaction, which has not been observed previously. 
[198]
          
 
Chapter Five concentrated on ruthenium(II) complexes with bipyridine-type ligands. 
In this section seven complexes were prepared, isolated and characterised through FT-
IR and NMR. All of the complexes were incorporated into solar cells and their 
current, voltage and efficiencies determined. Three types of surface linkers were 
investigated (carboxylate, phosphonate and silane) with the most efficient complexes 
being those which contained carboxyl linkers.  
 
Two new ruthenium complexes containing a silyl linker were examined, but only 
showed low efficiencies possibly due to the saturated propyl chain with this link. 
However, despite the limited success with silyl linkages in this work, it is still 
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believed that there is considerable potential for silyl linkers in DSSC‟s and therefore it 
is recommended that synthetic methods to incorporate this linker into appropriate 
ligands be explored further. Of the synthetic methods outlined in Chapter 5, the 
formation of C–Si and N–Si bonds was successful using TMS-Cl, but owing to the 
considerable reactivity difference between methyl and ethoxy groups, these methods 
could not be extended to synthesise the target compounds containing ethoxy linkers. 
Therefore, one possible synthetic route may be to form a stable C–Si or N–Si bond 
initially, and then introduce the ethoxy groups followed by the silatrane.        
 
As a final note, the alternative semiconducting metal oxide, WO3, which gave a large 
photo-current, has substantial scope for improvement, and slight modifications to the 
oxide surface should be investigated to improve dye binding. Also, further 
investigation into the physical conditions, such as temperature and immersion-time, 
for binding of the silyl linkers to WO3, could be carried out.  
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